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Abstract
In this paper, a model for predicting the quantum efficiency and
responsivity of silicon based solid state photodiodes is presented. The model is
first developed using semiconductor theory and then implemented in a
computer software program. Correct operation of the modeling program is
verified by comparing the published reflectance curves of several silicon
dioxide-silicon substrate samples with the reflectance curves produced by the
modeling program. Next, a system capable of measuring photodiode quantum
efficiency and responsivity is presented and used to measure quantum
efficiency and responsivity for a photodiode specimen. Finally, the measured
and modeled quantum efficiency and responsivity results for the photodiode
specimen are compared and found to be in good agreement.
IV
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1.0 Introduction to Light Absorption in Photodiodes
A model for predicting the quantum efficiency and responsivity of
silicon solid state photodiodes will be developed and used to model the response
of a photodiode in a Kodak L4A linear imager. The model is first developed in
section 2.0 using basic semiconductor theory and then implemented in a
computer software program, called LARISP, in section 3.0(see appendix C for
program listing). Correct operation of the LARISP modeling program is
verified in sections 8.0 and 9.0 by comparing the published reflectance curves
of several silicon dioxide-silicon substrate samples with the reflectance curves
produced by the LARISP program. A system capable of measuring photodiode
quantum efficiency and responsivity is presented in section 4.0, and
procedures for operating it are listed in section 5.0. The quantum efficiency
and responsivity measurement results are contained in section 6.0 and
discussed in sections 7.0 and 10.0; and the results of the modeling simulations
are listed in section 8.0 and discussed in sections 9.0 and 10.0.
The use of silicon solid state diodes in an imaging application was first
suggested by Reynolds in 1951. In this early proposal, a two dimensional
array of silicon diodes was to be located in a television vacuum tube. The array
of diodes fabricated on one end of the silicon substrate was faced toward an
electron gun while the other end was used as the imaging surface. Under
normal operation the array of diodes would be maintained in a reverse bias
condition. The imaging process would begin by charging the diode array up
with the electron gun. The sene to be imaged would then be projected onto the
backside of the silicon substrate. Those photogenerated carriers that diffused
to the diode array would reduce the charge stored in the particular diode in
which they became captured. Hence, at the end of the integration period a
stored charge representation of the image would be created in the diodes. To
complete the imaging cycle, an electron gun would re-charge up the diode
array. The amount of charge required to re-charge each diode represented
the video signal, or pixel signal. The construction of such a solid state
2
television tube was first reported by Crowell in 1967. A more detailed analysis
3
of this imaging device can be found in the work by Wendland .
4
In January of 1970, Boyle and Smith published the concept of the
Charge Coupled Semiconductor Device(CCD), and in February of the same year
Amelio experimentally verified this concept by fabricating several CCD
structures. The CCD structure is used in a large percentage of present day solid
state imagers because it provides a very simple, yet efficient means of
transferring electronic charge within semiconductor devices. As pointed out
in the paper by Boyle and Smith, the CCD structure can be directly used as an
image detection device. Continued advances in semiconductor technology,
particularly the introduction of buried channel CCD technology in 1972, has
resulted in CCD structures with charge transfer efficiencies greater than
0.99999 per transfer. A detailed description of the use of CCD devices in
32
imaging applications was provided in 1975 by Barbe .
The construction of a typical Kodak L4A photodiode is illustrated in
figure 1.1. The photodiode is created on a P-on-P+ silicon wafer by performing
a phosphorous implant sequence followed by a Boron implant sequence. The
Figure 1.1
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resultant photodiode doping profile and corresponding electrostatic potential,
23
as modeled by SUPREM3 , are shown in figure 1.2. The imaging function of
the diode can be understood from the electrostatic potential diagram by noting
that any electrons introduced into the diode space-charge region will be
confined to the region in the silicon at the greatest electrostatic potential.
From an imaging point of view, the ability of the diode to restrict electron
motion to a localized volume is very desirable because it allows the diode to be
used as an individual imaging site or pixel. One and two dimensional arrays of
such photodiodes can be constructed to create linear and array imaging
sensors, respectively. The Kodak L4A imaging sensor modeled in this study is a
tri-linear array of approximately 1000 photodiodes.
The absorption of incident photons within the silicon begins once the
photons enter the silicon substrate. This absorption process results in the
Figure 1.2 Photodiode Doping Profile and
Resultant Electrostatic Potential23
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liberation of valance electrons into the conduction band. For the photon
wavelength range of 350 to 850 nm, there exists a one-to-one relationship
between the number of absorbed photons and the number of liberated
o
electrons . That is, every photon absorbed in the silicon will generate one
excess electron. Whether or not a photogenerated electron becomes captured
within the actual silicon diode space-charge volume is, for the most part,
determined by the depth at which the photon is absorbed; and the absorption
depth, in turn, is a function of photon wavelength.
Three photon absorption scenarios are depicted in figure 1.3. Case 1
shows a photon being absorbed within the diode space-charge region. For this
situation the photogenerated electron will immediately be captured. That is,
the electron's physical location will be restricted to the diode space-charge
3.0
volume. Cases 2 and 3 depict the absorption of photons below the diode space-
charge region(Z > Ld). Since the electric field below this region is equal to
Figure 1.3 Cross Sectional View of Photodiode
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zero(see figure 1.2), electrons in this region will thermally diffuse in random
directions until they reach the depletion region boundary and become
collected(figure 1.3, case 3) or they recombine with a hole(figure 1.3, case 4).
The total number of photogenerated electrons captured within the photodiode
divided by the number of incident photons impinging on the photodiode is
defined as the quantum efficiency.
Note that the existence of additional layers(i.e. silicon dioxide,
polysilicon, ect.) on top of the silicon surface can result in the constructive
and destructive interference of the incident optical energy and in the
absorption of optical energy if layers with non-zero extinction coefficients
exist. Thus, care must be exercised in the choice of medium type and thickness
for each layer if the maximum possible quantum efficiency is to be achieved.
Once the photogenerated charge has been collected, it is then
transferred to an adjacent Charge-Coupled Device(CCD) and moved toward a
charge-to-voltage conversion amplifier. Figure 1.4 illustrates a typical
4
Figure 1.4 Photodiode-to-CCD Transfer Structure
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scheme for accomplishing the photodiode-to-CCD transfer. During the
integration period the Transfer Gate signal is held at the 'off potential and the
charge present in the CCD is clocked toward the output amplifier. At the end of
the integration period the CCD clocking stops, with the adjacent CCD gate phase
left 'on.' Charge is then transferred into the adjacent CCD cell by turning
'on'
the Transfer Gate. When the charge transfer is complete, the Transfer Gate is
turned 'off and then the complimentary CCD clocking is resumed. The
structure shown in figure 1.4 does have one drawback; namely, nonlinearity.
This can be understood by noting that the photodiode electrostatic potential
shown in figure 1.2 will collapse(L_) becomes shorter) as the amount of
collected charge increases. Thus the quantum efficiency may vary with
exposure. This potential nonlinear gain is undesirable in most imaging
systems. An alterative to this type of structure is shown in figure 1.5.
2 3
Figure 1.5 Continuously Drained Photodiode Structure
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By adding a shielded storage region between the photodiode and transfer gate,
continuous draining of charge from the photodiode is achieved; thus,
maintaining a constant collection structure(LD
= constant). This is the
structure implemented in the Kodak L4A linear sensor.
The final task of the imager is to convert the charge domain signal into
a voltage or current that can be detected at an IC output pin. The Kodak L4A
sensor converts the charge domain signal into a voltage(see appendix D for
details). The output voltage generated by the photodiode charge packet divided
by the input optical energy density is defined to be the imager responsivity.
Figure 1.6 contains the block diagram of the Kodak L4A linear imager
that will be modeled in this paper. The CCD and output amplifier are assumed
to be ideal. That is, the charge transfer efficiency equals 1.0 and the output
amplifier response is perfectly linear.
Figure 1.6 Kodak L4A Linear Solid State Imager
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The configuration of present day solid state imagers is quite varied, and
for the most part is application driven. However, there are two general
imager configurations which are fairly common: the frame transfer imager,
and the interline transfer imager. Both of these names originate from the
area array imager technology, but are equally applicable to linear array
imagers. A frame transfer imager uses the CCD cell as the imaging site and as
the charge transfer mechanism; whereas, the interline transfer imager uses a
separate photodiode to collect photogenerated charge and an adjacent shielded
CCD as the charge transfer mechanism. From figure 1.6, it is seen that the
Kodak L4A is considered an interline type imager. Since the CCD in the frame
transfer imager is light sensitive, the light source must be shuttered while the
CCD is transferring out the charge packets. In contrast, the interline transfer
CCD in not light sensitive; thus, near continuous imaging can be maintained.
A summary of present day CCD imager technology can be found in the paper
7
by Thorpe .
2.0 Modeling of Light Absorption in Photodiodes
The modeling of light absorption in solid state photodiodes will begin with
the determination of the optical energy arriving at the silicon surface. This
calculation requires that the relationship between the optical energy
impinging on the outermost surface of the photodiode and the optical energy
arriving at the silicon surface of the photodiode be known. If no additional
layers existed on top of the silicon surface these two quantities would, of
course, be identical. However, present solid state sensor designs require that
additional material layers be present on the silicon surface for one of several
possible reasons: silicon dioxide to protect the silicon surface from diffusing
contaminants, electrode contact in full frame solid state imager technology,
and organic materials for optical wavelength separation to name just a few.
Each layer added to the silicon surface will affect the final quantum efficiency
versus optical frequency response. Material layers with extinction
coefficients equal to zero can influence the optical intensity by both surface
reflection effects and constructive and destructive interference effects.
Surface reflections result from differences in index of refraction between
adjacent materials, and interference effects result when the optical phase
thickness of the particular layer is significant compared to the incident
9
optical wavelength . In addition to the above effects, layers with non-zero
extinction coefficients suffer an exponential decay in optical energy due to
absorption processes. The optical reflection, constructive and destructive
interference, and absorption processes in the layers above the silicon surface
will be modeled using a resultant waves technique known as the "E , E Matrix
Method." This technique will be employed to find the optical energy
arriving at the silicon surface as well as the optical energy arriving at the
outermost layer of the photodiode. This latter quantity is required for the
calculation of the number of incident photons(Npn).
Once the optical energy impinging at the silicon surface in known, the
optical generation rate of electrons, G(z,A.), in the silicon substrate can be
derived. To be captured in the correct photodiode(i.e. the one in which the
generating photon entered), electrons must be generated within the
photodiode space-charge region, or be generated below the space-charge
region and then diffuse to the photodiode space-charge region boundary
(Z = LD). It will be assumed that all electrons generated within the photodiode
space-charge region will be captured11'12, and that no electric fields exist
(E = 0) in the silicon at depths greater than LD. Due to the absence of electric
fields below the Z = LD boundary, photogenerated electrons will thermally
diffuse in random directions until they are either captured by a photodiode or
1 3lost to a bulk recombination process . If the photodiode integration period is
much greater than the bulk recombination time it is possible to model the
minority carrier diffusion into the photodiode space-charge region with the
steady-state diffusion equation - subject to the boundary conditions An = 0 at
Z = LD andZ = oo12.
Based on the above discussion, the steady state electron flux entering the
photodiode space-charge region will be modeled as
-n
=
--drift
+
--diffusion
t (2.1)
where
-drift
= G(z,W dz
Jo (2.2)
is the electron drift flux density and G(z,X,) is the optical generation rate
within the silicon substrate, and
T - n dAn(z>k)'diffusion ~~ un '
Z = LD
dz
(2.3)
is the electron diffusion flux density and An(z,X) is the solution to the steady-
state diffusion equation for Z >= Lr>
The total number of electrons captured(Ncap) can be calculated by using
equation 2.1, the photodiode aperture dimensions, and the integration time.
Dividing the total number of electrons captured by the number of incident
photons(Npn) yields the quantum efficiency at the particular wavelength.
Multiplying the quantum efficiency by the sensor's output structure charge-
to-voltage conversion factor and then dividing by the incident optical energy
per unit area yields the imager's responsivity at the particular wavelength.
2.1 Derivation of the Optical Energy Reaching the Silicon Surface
The optical energy reaching the silicon surface will be found using the
"E , E Matrix Method." This technique can be employed to find the complex
electric field components(E , E ) in any thin film layer given that the bottom
most layer electric field(E 0, E~0) components are known. The "E , Matrix
Method"
represents both the crossing of a layer boundary and the transversal
of a layer by a 2 x 2 matrix. These two matrices are termed the refraction
matrix(R) and the transversal matrix(T), respectively. The electric field
components within a particular layer are found by solving the matrix
equation formed by cascading the appropriate refraction and transversal 2x2
matrices together. An example of this technique is given is section 2.1.3.
The derivation of the optical energy reaching the silicon surface will
begin with the definitions of some basic optical quantities. Given that a
boundary exists between two media, as shown in figure 2.1, the complex
reflectance(r) and complex transmittance(t) are defined as
Figure 2.1 Interface Between Two Layers
Layer n
fen.Mn)
Layer m
(--ni- MJ
r(X) =
Nnq) - Nmq>
N(W + Nm(W
t (2 4)
and
ta)
2 Nn(X)
A
Nn(X) + Nm(X)
f (2 5)
where
N - Nn - jNn (2 6)
is the complex index of refraction in layer n.
N
l*nn
.M-0e0
1/2
2 \J { en co
is the real part of the index of refraction in layer n and
Nn =
Uoo
1/2
2 V lenco;
1
+
2
1/2
(2.7)
1/2
(2.8)
14is the imaginary part of the index of refraction in layer n ~\ This latter
quantity is also referred to as the extinction coefficient. Equations 2.7 and 2.8
are a result of solving Maxwell's equations with assumed solutions in the form
of plane waves. As indicated in equation 2.6, the index of refraction is, in
general, a complex quantity. Materials such as silicon, polysilicon, and
amorphous silicon all have a complex index of refraction. In a dielectric
medium such as silicon dioxide or silicon nitride the conductivity(G) is equal to
zero and equations 2.7 and 2.8 simplify to
l u e
N
me-.
v Mx> eo J
and (2.9)
N = 0 (2.10)
Note that en and |in are the permittivity and permeability in layer n, and that
e0 and \lQ are the permittivity and permeability in free space.
The quantities t and r are the amplitude transmittance and reflectance of an
electric field traveling from layer n to layer m. In a similar manner, the
values
t'
and
r'
will be defined as the amplitude transmittance and reflectance
of an electric field traveling from layer m to layer n. The quantities t,t',r, and
r'
, collectively referred to as the Fresnel coefficients , are used extensively
in the "E+, Matrix
Method." The fraction of optical energy reflected at the
boundary between layers n and m is related to the amplitude reflectance by
R = rn (2.11)
10
2.1.1 Development of the Electric Field Refraction Matrix(R)
The electric field refraction matrix is derived by writing the electric field
flux balance at an interface boundary between two media, as shown in figure
2.2.
Figure 2.2 Electric Field Flux Balance at Media Interface
Interface
Boundary
A +
En ?
Layer n
A
E_
m
Layer m
m
The equations of flux balance at this interface are:
Em = -n ' E + h " Em
/\ /\ A+ A A
E = rn En + ^ E^
and
where t, r, t', and
r'
are the Fresnel coefficients. Using the relationships
rn = " rn
(2.12)
(2.13)
(2.14)
and
A /\
tn ^ + rn - J
, (2.15)
equations 2.12 and 2.13 can be rewritten in matrix form to yield the refraction
matrix:
A A "a
En
_ J_ 1 'n Em
A A A /\
_EnJ
tn Lrn ij L---mJ (2.16)
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2.1.2 Development of the Electric Field Transverse Matrix(T)
The equation for the electric field propagating in the +Z direction at any
point in a material, assuming that the electric field can be represented by
plane-wave solutions to Maxwell's equations, can be expressed as
E (z) = E (0) e-6n
where
(2.17)
8n =
2 n Nn d
X (2.18)
is the optical phase thickness of the layer the electric field is propagating
A +
within, dn is the actual layer thickness, and ^ (0) is the Z = 0 boundary
condition. In a similar manner, an expression for the electric field
propagating in the -Z direction in a layer of thickness dn can be expressed as
E (z) = En(dn) e"-6-.
Rearranging equations 2.17 and 2.19 in matrix form yields the E , E
transverse matrix:
(2.19)
A +
E(0)
_En
(0)
eJ8n 0 En+(dn)
-J\ A (dn). (2.20)
2.1.3 Discussion of E ,
E"
Matrix Method
The 2x2 matrix in equation 2.16, referred to as Rn, is a mathematical
representation of an interface boundary crossing; likewise, the 2 x 2 matrix in
equation 2.20, referred to as Tn, is a mathematical representation of a layer
transversal . Given a multi-layer system of thin films, equations 2.16 and
2.20 can be combined to solve for the complex electric field components
anywhere within the system. As an example, the resultant electric fields
above a thin film system of i layers, given that complex quantities Eq and
in layer 0 are known, can be expressed as the matrix product
12
A +
Ei
R li-i Ri-1 Ro Ri
A +
A -
(2.21)
Application of the "E ,
E" Matrix Method" involves choosing some arbitrary
starting values for the electric field components in the bottom most layer( in
the problem at hand, this corresponds to the silicon substrate) and then
solving for the electric field components in the desired layer by performing
the appropriate complex matrix multiplications. Since only the ratios of the
electric field components have any physical significance, the starting values
can take on any value. These are typically set as
E+
= 1.0 and = 0.010. This
method is used to find the resultant electric fields at the silicon interface and
at the outermost surface of the photodiode.
2.2 Calculation of the Number of Incident Photons
Calculation of the number of incident photons requires that the electric
fields incident at the outermost layer(En ) of the photodiode be known. This
value is found by using the "E , E Matrix Method" described in section 2.1.
The rate at which electromagnetic energy passes through a unit area
whose normal is the direction of E x H is given by the Poynting vector S
defined as
14
S = ExH (2.22)
The time-averaged Poynting vector(<S>t), which describes the time-averaged
rate at which energy is transported through a unit area by electromagnetic
fields, is used to calculate the number of incident photons. Since the fields are
assumed to be plane-wave solutions to Maxwell's equations, the time-averaged
15
Poynting vector can be written as
P =r av <S>t= j-Re[EIN x
HIN]= jy/^- lEiN+l
(2.23)
where Ejn
+
is taken to be the complex E value incident at the outermost layer
of the photodiode. If the electromagnetic radiation is monochromatic (A. = X0),
then the number of incident photons can be represented as
E(M Jo Jo
t (2.24)
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where t-nt is the photodiode integration time, XD is the X dimension of the
photodiode aperture, YD is the Y dimension of the photodiode aperture, and
E(X) = V-
*- (2.25)
is the energy per incident photon. For the case of uniform illumination,
equation 2.24 simplifies to
N _
t-nt XD YD Pav
Ph
"
E(W
. (2.26)
Substituting equations 2.23 and 2.25 into 2.26 yields the number of incident
photons
A +
eo ^*intXDYD 'EIN_j
(2.27)
Nph -\' Uo 2 he
2.3 Calculation of Photogenerated Electrons Captured
The first step in solving for the number of electrons captured in the
photodiode is to derive an expression for the optical generation rate, G(z,X),
within silicon. Once this function is found, the drift component of electron
capture can be obtained by applying equation 2.2 and the diffusion component
by applying equation 2.3.
2.3.1 Derivation of the Optical Generation Rate in Silicon
The optical generation rate in silicon is found by deriving an expression
for the optical energy lost per unit volume, and then dividing this expression
by the average energy per incident photon. Since the range of incident
wavelengths is restricted to the visible spectrum(350 <= A. <= 850 nm) and the
skin depth at 850 nm in silicon is much less than the wafer thickness, the
silicon wafer can be treated as a semi-infinite medium. This fact simplifies the
solution of Maxwell's equations within the silicon by removing the Z = dwafer
boundary condition. From section 2.2, it is known that the time-averaged rate
at which electromagnetic energy is transported through a unit area is given
by the time-averaged Poynting vector(Pav). Using this relationship and the
fact that the intrinsic wave impedance is now complex, the time-averaged
Poynting vector can be expressed as
14
P..-<S>,-l.-U-iMxH.,,..i^|,/>'V
2 2 ^
(2.28)
where
hi 7=
l +
K-SJ
2^1/4
and
6^ =
tan"
(2.29)
(2.30)
are the magnitude and phase angle of the complex intrinsic wave impedance,
respectively. Using plane-wave solutions to Maxwell's equations implies
that14
-a(X) z|Esil = |Esi | (2.31)
where
aa) =
4tcN
* (2.32)
is the absorption coefficient and N" is the extinction coefficient, as defined in
section 2.1. Inserting equation 2.31 into 2.28 yields
.A +,
P =av 2
! \Esi P-e-^-cosO-)
hi
. (2.33)
The optical energy lost per unit volume of silicon, which is equal to the
energy gained by the silicon substrate, is depicted in figure 2.3.
Figure 2.3 Absorption of Optical Energy Within Silicon
Silicon
A
P (z).
av v '
+ Ev(z+Az)a
Az
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From figure 2.3, the optical energy lost per unit volume is seen to be
-lost
Pav(z) - Pav(z + Az)
Az
APav dPav
dT (2.34)
Inserting equation 2.33 into 2.34 yields
1
aa)- |Esi |2-e-aa)z-cos(eJ
-lost
hi (2.35)
Dividing Elost by the average energy per incident photon results in the
number of electrons generated per unit volume of silicon per unit time:
G(z,Jt) = j-
1 X a(X) | Esl | 2 -a(X.)z cosO^)
hi h c
Equation 2.36 is referred to as the optical generation rate in silicon.
(2.36)
2.3.2 Derivation of the Electron Drift Component (Ndrjft)
It will be assumed that all photogenerated electrons produced within the
space-charge region of the photodiode are captured by the photodiode . Thus
the electron drift flux density entering the photodiode is given by the
summation of the electron generation rate over the photodiode space-charge
region Z = 0 to Z = Lr> or
'drift = G(z,X) dz
Jo
Substituting equation 2.36 into 2.37 results in
'drift -j:
A +
X-a(X)- |Esi |2- e-aa)z- cos(9^)
2 hi -h-c
dz
Solving for J.rift one obtains
\2
corf-V
-drift :
z = L'D
, A + ,
2- hi -h-c z = 0 2- hi -h-c
(2.37)
(2.38)
X- Ie,- I2 cosce,,)
(i _ eHxWLd)
(2.39)
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The number of electrons captured due to electron drift can now be found by
Ndrift = 'drift ' XD ' YD ' -im
, (2.40)
where Xrj and Ypj are the X and Y dimensions of the photodiode aperture, and
tint is the photodiode integration time. Inserting equation 2.39 in 2.40 yields
the expression which will be used to model the number of electrons captured
due to electron drift
A +
X- \Esi |2 COS(en) XD YD tint .. -aWL^JNdrift -= ti -e )
2- hi -h-c . (2.41)
2.3.3 Derivation of the Electron Diffusion Component
In order for photogenerated electrons produced in the silicon substrate
to be collected by a photodiode they must diffuse to the Z = LD plane. Once at
the this plane electrons begin to feel the influences of the photodiode electric
fields. It will be assumed that all electrons reaching the this plane will
become captured by the photodiode, thereby increasing the photodiode
quantum efficiency. If the photodiode integration period(tint) is much
greater than the minority carrier recombination lifetime(tn), the steady-state
diffusion equation can be used to solve for the excess minority carrier
distribution in the substrate .
The derivation of the electron diffusion component begins with the
solution of the steady-state minority carrier diffusion equation
9An
= D .
^n
_
An
+ G(z>x) = Q
3t
"
3Z2 xn
, (2.42)
where G(z,A.) is the optical generation rate(equation 2.36), Xn is the minority
carrier lifetime, Dn is the minority carrier diffusion coefficient, and
An is the
resultant excess minority carrier concentration. Substituting
equation 2.36
for G(z,X) and rearranging terms yields A + ,
dz2 D"Tn 2hl'h-c-Dn
> (2.43)
32An An
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a second order linear nonhomogeneous differential equation. Since An will
be subject to the boundary conditions An = 0 at Z = LD and <, the solution to
equation 2.43 must include both the particular and homogeneous solutions.
The homogeneous solution, which is obtained by setting the right-hand
portion of equation 2.43 equal to zero and solving for An, will be assumed to be
of the form
An = A ea z + B e_az
. (2.44)
Inserting equation 2.44 into the homogeneous version of equation 2.43 and
solving for the constant a results in
1
a =
J^ (2.45)
The quantity
^DnX" (2.46)
is defined to be the electron minority carrier diffusion length, Ln. Thus,
the homogeneous solution to equation 2.43 is given as
AnH = A e
'
+ Be
(2.47)
The particular solution for An is found by noting that equation 2.43 is of the
2 rz
form (D + q)An = R, where D is the differential operator, and R = b e . The
1 7
particular solution to such a differential equation is found to be
|A +I2X-c-O,)- |Esi | cos(9n) _aWz
Anp = e
2 hi -h-c- Dn
Now the total excess minority carrier distribution is given by
( 2 1 "l
LJ (2.48)
An = Anjj + Anp ^2 49)
The exact solution to equation 2.49 is obtained by applying the boundary
conditions An = 0atZ = LD, andAn = 0atZ = ,and solving for the constants A
and B. The second boundary condition implies that the solution must be finite
at Z = 00 . For this to occur the constant A must be equal to zero (A = 0).
Applying the first boundary condition results in
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A +
B = ^^)-|Esi l2-cos(ej e^_MLo
2- hi -h- c-Dn a(A.)2- J_
Insertion of equations 2.47, 2.48 and 2.50 into 2.49 yields the total
minority concentration for LD <= Z <= oo:
(2.50)
excess
An =
x-aw-k- l2-cos(en) (e+LD/Ln-coLD-^ _ e^a)z)
2- hi -h- c-Dn a)2--L
L2.
(2.51)
The electron diffusion flux density captured by the photodiode is given by the
slope of An(z,X) at the space-charge boundary(Z = LD):12
8An(z,X)
"diffusion n dz
z = Lr
Substituting equation 2.51 into 2.52 results in
(2.52)
hidiffusion
X-oCW-lE.- I2-
coste^ ^a)LD
2 hi -h-c-faa) + 1
(2.53)
The total number of electrons crossing the Z = LD plane can now be expressed
as
-^diffusion
_ 'diffusion ' XD ' YD ' tint (2.54)
where Xq and Yjj are the X and Y dimensions of the photodiode aperture, and
t-nt is the photodiode integration time. Insertion of equation 2.53 into 2.54
produces the expression which will be used to model the total number of
electrons captured due to electron diffusion
NHi
X aO> I Esi | 2 cos(6j XD YD tjnt -aft.) Lr
diffusion
2 hi -h-c
f 1 ^
aXX) +
Ln/ (2.55)
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2.3.4 Total Electrons Captured (Ncap)
The total number of electrons captured during the photodiode integration
period is given as the sum of the electron drift and diffusion components.
That is,
Ncap = Ndrift + Ndiffusion (2-56)
Substituting equations 2.41 and 2.55 into 2.56 and reducing, one obtains the
final expression for the total number of electrons captured by the photodiode
A +
N =
X- |Egi |2- costy -Xp-Yp-U ( __1__ ^ooO
C3P
iA, u I l + a(X)Ln J2 hi -h-c . (2.57)
2.4 Calculation of Photodiode Quantum Efficiency
Quantum efficiency, as stated previously, is defined as the ratio of the
number of photoexcited electrons captured in a particular pixel volume to the
number of photons incident upon that pixel over a given period of time. Using
the results from sections 2.2 and 2.3, the photodiode quantum efficiency can be
expressed as
QE = Ncap/Nph , (2.58)
where Ncap is the total number of electrons captured and Nph is the total
number of incident photons. Inserting equations 2.57 and 2.27 into 2.58 yields
the expression for the photodiode quantum efficiency
.A + ,
IeSj I2 csy j, H*>o
V Mo (2.59)
Recall that
Esi+
is the resultant complex +Z electric field at the surface of the
silicon substrate, and that
EIN+
is the complex +Z electric field component at
the outermost layer of the photodiode.
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2.5 Calculation of Photodiode Responsivity
Photodiode responsivity is the solid state imager output voltage produced
by the electrons captured in a single photodiode divided by the optical energy
per unit area incident upon the photodiode. This implies that the charge-to-
voltage conversion factor(dV/dNe) for the particular solid state imager be
known. This value is usually made available as part of the sensor's published
documentation. Based of the above defining statement, responsivity can be
expressed as
Responsivity = /^."^V = gft
v. xd ' YD )
. (2.60)
Substituting equations 2.25 and 2.59 into 2.60 yields the detailed expression for
the responsivity
A +
2
dV lEsi I coste^) X XD - YD / 1 ,,-oMLd
Responsivity = -^-^
/_-
^ 1^
-
1 +
Ejn I ./-I hl-h-c
V Mo
(2.61)
Responsivity has units of volts per Joule per Area and is typically expressed as
volts per microJoule per square centimeter(V/uJ/cmA2).
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3.0 Implementation of Photodiode Model
As stated in section 2.3.1, the use of the "E+, E- Matrix Method" requires
the choice of some arbitrary starting electric field values in the silicon
substrate. As a result of this fact only equations containing ratios of electric
fields have any physical significance. The final expression developed for the
quantum efficiency(equation 2.59) does contain only ratios of electric fields.
Thus, this equation could be modeled directly. However, one of the goals of this
study is to separate out the electron diffusion and electron drift components of
the quantum efficiency. With this goal in mind, the equations in section 2.0
will be combined as follows to describe the photon absorption process in the
silicon photodiode:
ElCtrftn Drift Component of Quantum Efficiency;
The electron drift component of the quantum efficiency is found by
dividing equation 2.41 by equation 2.27, or
N,h V n iA. IA +
IN I , (3.1)
<ph V hi Ell I2
Electron Diffusion Component of Quantum Efficiency:
The electron diffusion component of the quantum efficiency is found
by dividing equation 2.55 by equation 2.27, or
QE,
^"diffusion
v
cos(0n)
A
hi
a(X)
. e-ottL,, .
r +i 2F1 ^si 1
Nph fa(X) + -L] r +uTn---IN 1
diffusion
(3.2)
Total Quantum Efficiency:
The total quantum efficiency is simply the sum of the drift and diffusion
components:
Q Etotal = Q Edrift + Q Ediffusion
, (3.3)
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which is equal to the sum of equations 3.1 and 3.2.
Radiant Reflectance
The radiant reflectance is found by direct application of equation 2.11.
Radiant Reflectance (R) = 100% ( rIN rIN ) = 100%
"12
'IN'E,
|A +|2
|EIN I
. (3.4)
Responsivity:
Imager responsivity is calculated directly from equation 2.60. For the
sake of completeness this equation is repeated here.
D . ., QEtotal XD YD X dVResponsivity =F '
h-c dN (3.5)
Assuming the incident photon wavelength is restricted to below 900 nm and
typical silicon wafer dopings are used, the following simplification can be made:
CT
= 0
-0 es
. (3.6)
Equations 2.29 and 2.30 representing the complex intrinsic wave impedance
magnitude and phase angle, respectively, can now be rewritten as
hi =
(3.7)
and
\ = . (3.8)
Now, to realize equations 3.1 through 3.5 in software requires only that
the "E+, E- Matrix
Method" be implemented in software. This implementation
will be divided into two sections: one to perform the electric field layer
transversal action, and the other to perform the electric field refraction
between adjacent layers. Each section has been implemented into a software
function. The software listing is located in appendix C. The two routines are
called
"Refract"
and
"Translate."
Implementation of the electric field layer transversal begins by
expanding matrix equation 2.20. Substituting the
complex index of refraction
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into the optical phase thickness equation and expanding the matrix equation
2.20 results in two equations representing the positive and negative traveling
fields:
E = exp
2*dnNn
and
En = exp
-2*dnNn
x exp|
x exp|
j 2 n dn Nn A +
x En (0)
-j27cdnNn
x E (0)
(3.9)
(3.10)X J ^ X
Each of the exponent terms containing a complex quantity will be expanded
using Euler's identity to yield separate expressions for the real and imaginary
electric field terms.
For the positive traveling electric field one obtains:
Re(En ) = exp
27tdnNn
cos
2 * ^ N" J Re( En (0)) - sin
'
Ind^N^ A +
and
Im(En ) = exp
2 n dn Nn
sin
2 7idnNn | +...N I 2 7!dnNn^2- Re( E (0)) + cos|
and for the negative traveling electric field:
Re(En ) = exp|
-2*dnNn 2 tc dn N_
-
. 2 n dn Nn
cosl r^-J Re( En (0)) + sin^
^=-,
Im( En (0))
(3.11)
/\ +
Im( En (0))
(3.12)
s\
Im( En (0))
(3.13)
and
r tr- \ I
"2 n d" Nn
Im(En ) = exp[ -^
cos
2 n dn Nn
Im( E (0)) - sin|
27ld"N"' Re(En(0))
(3.14)
Equations 3.11 through 3.14 can now be readily implemented into software.
In a similar manner, the electric field reflectance matrix equation will
be expanded to yield the positive and negative electric field components:
A+ 1 *
+ r-- p
"
E = f Em + Em
(3.15)
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and
A
-
r A+ 1 A-
En = Em + Em11 A A
tn tn (3.16)
Upon further expansion the real and imaginary terms for both the positive
and negative electric fields are obtained.
The results for the positive traveling field are:
Re(En ) = Re(Tcoef) Re(Em+) - Im(Tcoef) Im( Em+) +
A - A _
Re(RCOef) Re(Em ) - Im(Rcoef) Im(Em )
and
A + A + A +
Im(En ) = Im(Tcoef) Re(Em ) + Re(Tcoef) Im( Em ) +
A _ A _
Im(Rcoef) Re(Em ) + Re(Rcoef) Im(Em )
and for the negative traveling field:
A A + A +
Re(En ) = Re(Rcoef) Re(Em ) - Im(Rcoef) Im( Em ) +
A _ A _
Re(Tcoef) Re(Em ) - Im(Tcoef) Im(Em )
and
A + " +
Im(En ) = Im(Rcoef) Re(Em ) + Re(Rcoef) Im( Em ) +
A _ A _
Im(Tcoef) Re(Em ) + Re(Tcoef) Im(Em )
where
and
T = -L -
tR " jti
>ef
~
A
~
, 2
=
J^n rR
' tR + fj tj + j(rt tR - rR tj)
Kcoef - A 2 2
t tR + -i
(3.17)
(3.18)
(3.19)
(3.20)
(3.21)
(3.22)
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The last remaining step is to express the complex reflectance and
transmittance of equations 2.4 and 2.5 in terms of the medium index of
refraction and extinction coefficient:
(Nn + Nm)-(N - Nm) + (Nn + Nm) (Nn - Nm)
rR = ;
and
<N_ +
Nm)2
+ (N; +
NJ2
> (3 23)
-(Nn + Nm)-(Nn - Nm) + (Nn - Nm)-(N + Nm)
(N +
Nm)2
+ (N; +
N^)2
(3 24)
=
2[(Nn + Nm)-Nn + (N + Nm)-Nn]
(N_ +
Nm)2
+ (N: +
NJ2
f (325)
tj =
2KN; + NJ-N; - (Nn + Nm)-Nn]
(N +
Nm)2
+ (N; +
NJ2
(3 26)
Equations 3.11 through 3.14 are implemented in the software function
called
"Translate,"
and equations 3.17 through 3.26 are implemented in the
software function called
"Refract."
Figure 3.1 on the following page contains a block diagram depicting the
operation of the LARISP modeling program. As noted above, the LARISP
program listing is located in appendix C. The program is written in the
standard C program language.
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Figure 3.1 Block Diagram of LARISP Modeling Program Operation
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4.0 Description of Measurement Apparatus
The description of the measurement apparatus will be divided into three
sections: the optical section, the electronics section, and the software section.
As these section headings imply, the optical section will describe all of the
optical related equipment; the electronics section will describe the electronics
and computer related equipment; and the software section will describe the
software generated to control both the optics and electronics equipment. Thou
each section is described here separately, in actuality these three sections are
very closely linked together, as depicted in figure 4.1.
Figure 4.1 Block Diagram of Entire Measurement System
Computer
(Software)
Control Electronics for
Optical Equipment Miscellaneous
Electronic
Equipment
..ii trt Sensor OutputSignal Processing
Electronics
Data
Acquisition
Electronics
Optical System
4
rV^
i
^
1
Light Linear
Sensor Sensor Innut
ElectrDnics
The measurement system was designed to perform optical and electrical
measurements on linear solid state imagers. It's capable of measuring many
characteristics of linear solid state imagers on a wide variety of sensor
architectures; however, only the quantum efficiency and responsivity
sections were required for modeling comparison.
The measurement system is under the complete control of an
HP9000/330 computer. The software measurement system written for the
HP9000/330 computer controls all of the following functions: optical
frequency selection, optical intensity selection, optical system calibration,
sensor input electronics, signal processing electronics, and data acquisition
electronics.
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In addition to the quantum efficiency and responsivity tests described
in this document, several other measurements of both an optical and
electronic nature have been implemented in the software system; including
photodiode-to-photodiode crosstalk, photodiode-to-CCD crosstalk, charge
transfer efficiency(CTE), and response uniformity, to mention just a few.
4.1 Optical Section of Measurement System
Figure 4.2 is a diagram of the optical system created to measure quantum
efficiency and responsivity. Each item in figure 4.2 is described in table 4.1.
Figure 4.2 Block Diagram of Optical Section of
Measurement System
(6) (7)
(19)
The optical system consists of a high intensity xenon arc light source coupled
via focusing optics to a high efficiency grating monochromator. Connected to
the monochromator output is a focusing lens which is used to collimate the
monochromatic light. The collimated light passes through a neutral density
filter wheel and a color separation filter wheel. The neutral density filters are
provided as a means of varying the optical intensity incident at the imager
plane, and the color separation filters are required to remove higher order
frequency components from the monochromator output. These higher order
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Table 4.1 List of Optical Equipment Used in Measurement System
Item Part Description Part Function
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Kratos 1000 Watt Xenon
Light Source LH-151
Primary Condenser
lens LHC-151/3
GMA-151 Monochromator
focusing sleeve
GM-252 High Intensity
grating monochromator
GMA-151 Monochromator
focusing sleeve
Neutral Density Filter
Wheel
Color separation Filter
Wheel
Nikon 55mm Focusing Lens
70/30 Beam Splitter
Reference Diode Light
Shield
UDT-UV100 Photodiode
Model 101C Transimpedance
Amplifier
Fluke 8840A Multimeter
with IEEE-488 option
Fluke 8840A Multimeter
with IEEE-488 option
Model 101C Transimpedance
Amplifier
UDT-UV100 Photodiode
with calibration data
Solid state imager under
test
Solid state imager system
electronics
Solid state imager output
Kratos Model 1144 Optical
Feedback Amplifier
Ealing
5'
x
3' Optical Bench
Provides high intensity white light
Produces a collimated beam of light
Focuses light source output to
monochromator entrance slit
Perform spectral separation of Xenon
light source(0.2nm bandwidth resolution)
Produces collimated output beam from
monochromator output
Contains neutral density filters which
can be inserted into the optical path
Contains color blocking filters required
to separate out monochromator output
harmonics
Focus the filter wheel output onto
solid state imager
Transmit 70% of monochromatic light
to solid state imager and 30% to
reference diode
Shield reference diode input from
stray room light
Measure relative light intensity
hitting solid state imager
Convert reference photodiode current
output to a dc voltage
Used to read the reference diode
amplifier output voltage
Used to read the calibrated diode
amplifier output voltage
Convert calibrated photodiode current
output to a dc voltage
Measure the absolute optical energy
arriving at the solid state imager plane
The solid state imager being testing
The logic and translation circuitry
necessary to operate the imager
Imager output - used by signal
processing electronics
Provides light source stabilization by
using sampled light intensity to
control voltage source.
All optical equipment is installed on
optical bench(not shown in drawing)
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harmonics are characteristic of grating monochromator outputs. As the
monochromator wavelength is changed, the appropriate color filter is
inserted into the optical path; thus ensuring the light incident on the solid
state imager contains only a narrow band of the frequency spectrum. The
remaining task of the optical system is to illuminate the solid state imager with
the monochromatic light. This function is accomplished using a simple 55mm
focusing lens. A beam splitter is placed in the optical path after the focusing
lens to tap off 30% of the lens output and direct it onto a reference photodiode.
The remaining 70% of the lens output falls upon the solid state imager. The
reference photodiode provides a means of measuring the relative light
intensity incident at the solid state imager. This information combined with
the sensor plane calibration data(see section 6.0) yields an absolute measure of
the optical energy incident at the solid state imager plane. The sensor plane
calibration is accomplished using another photodiode whose optical response
has been calibrated. That is, its output current per incident wavelength (10
nm bandwidth) has been measured and documented. This information is
supplied with the photodiode.
The entire optical system was fabricated on a 5' x 3' air suspension
optical bench. Each optical component is securely fastened to the bench so
that optical alignment can be maintained. Consistent alignment is required
for the system to remain accurately calibrated.
4.2 Electronics Section of Measurement System
Figure 4.3 is a diagram of the electronic section of the measurement
system. Each item depicted in the diagram is listed in table 4.2 along with a
brief operating description. Generally speaking, the electronics section of the
measurement system allows the user to manipulate several optical and
electrical inputs to the imager and then read in the digitized imager output.
Software performs the final measurement step by making the necessary
calculations on the digitized data.
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Figure 4.3 Block Diagram of Electronics Section of
Measurement System
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Table 4.2 List of Electronic Equipment Used in
Measurement System
Item
-Pj-Ht Description
HP9000/330 Computer with
19" High Res. Monitor.
Part # HP98582C
High Speed HPIB Disk
Interface(HP98262A)
3 HPIB Interface Card
Part # HP98624A
4 GPIO 16 Bit Interface Card
Part # HP98622A
5 HPIB Cable. Part# HP10833A
6 40 MByte Disk Drive with
3 1/2" Floppy Disk Drive.
Part # HP9135C.
7 GPIO 16 Bit Interface cable.
Part # HP98622A - opt. 001.
8 16 Bit High Speed Frame
Store Unit(Kodak Design)
9 36 Line Twisted Pair Cable-
26 gauge wire.
10 Burr-Brown 12 Bit/1OMs
Analog-to-Digital Converter
11 Coax Cable.
12 Programmable 4 Channel
Multiplexer with 1,2,5, 10
Gain(Kodak Design).
13 Device Sensor Board for L4
(Kodak Design).
14 TTL Logic Generation Board
15 Modified Seitz 6450A IEEE-
488 Interface Unit.
Modifications are Kodak
Design.
16 Kratos GMA-301 Motor
Controller.
17 Filter Wheel Controller
(Kodak Design)
18 Kratos Monochromator
Stepper Motor GMA-301
Part Function
Main controller of all optical and
electronic equipment, and performs
all numerical calculations.
Dedicated IEEE-488 interface for
disk drives. This is required by
HP-UX operating system.
IEEE-488 Interface card for all
instruments.
Provides high speed 16 bit interface
to computer. Used to interface to
framestore.
IEEE-488 Interface cable.
Main storage unit for computer.
Shielded 50 wire cable.
Provides high speed 16 bit frame
buffering between ADC output and
medium speed computer input.
Provides interface between ADC and
framestore.
Digitizes the analog video signal.
Provides shielded interface between
multiplexer and ADC input.
Used to interface multiple output
devices to ADC.
Provides all inputs to device under test
and buffers device output. Translators
convert TTL signals to MOS levels.
Generates all TTL signals required to
operate the device.
Allows multiple instruments(Analog
Mux., Monochromator, Filter Wheels)
to be controlled from one IEEE-488
address.
Controls monochromator stepper
motor.
Controls stepper motors for all three
filter wheels
Provides motor drive for
monochromator.
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Table 4.2
Item
19
20
21
22
23
24
25
List of Electronic Equipment Used in
Measurement System(continued)
Part Description
Filter Wheel Stepper Motor.
Hurts Motor #PAS-30
UDT UV100 Photodiode
UDT UV100 Calibrated
Photodiode #80726
Model 101C Transimpedance
Amplifier. Sold by UDT.
Model 101C Transimpedance
Amplifier. Sold by UDT.
Fluke Model 8840A DC
Multimeter w/ IEEE-488 opt
Fluke Model 8840A DC
Multimeter w/ IEEE-488 opt
Part Function
Provides
wheels.
Provides
intensity
Provides
intensity
Provides
motor drive for filter
very linear relative light
readings.
very linear absolute light
readings.
current-to-voltage
conversion of photodiode output.
Provides current-to-voltage
conversion of photodiode output.
Interfaces transimpedance output
to IEEE-488 bus.
Interfaces transimpedance output
to IEEE-488 bus.
The entire electronics system is under the control of an HP9000/330
computer. Communications is performed to most equipment over the IEEE-488
8 bit parallel interface, also known as the HPIB(Hewlett-Packard Interface
Bus) interface or GPIB(General Purpose Interface Bus) interface. This
interface provides a simple means by which several instruments(up to 31) can
be controlled over one interface bus. A custom interface to the IEEE-488 bus
was implemented for those instruments such as the monochromator
controller, filter wheel controller, and multiplexer where no IEEE-488
interface capabilities existed. This interface unit(item 15 in figure 4.3)
requires only one IEEE-488 bus address and yet can control the operation of
three separate instruments. Each of the three instruments had to be
electrically modified to interface the necessary control signals to the IEEE-488
interface electronics. The hardware interface to the IEEE-488 bus was
accomplished using a Seitz 6450 interface board. The additional electronics
required to interface each of the three instruments was implemented on a
single 4 inch square PC board. For convenience sake and to take advantage of
the units power supply, the PC board was mounted inside the Seitz unit.
DC Fluke multimeters were used to interface the two measurement
photodiodes to the computer. These multimeters were purchased with the IEEE-
488 communications option. The voltage readings from these meters used in
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conjunction with the supplied photodiode data sheets provides a simple and
accurate way of automating the calibration of the optical energy reaching the
sensor plane.
In order to achieve the necessary measurement accuracy, a 12 bit
Analog-to-Digital Converter(ADC) was used to digitize the imager's output video
signal. The particular ADC chosen was the Burr-Brown ADC600. This unit can
digitize data at up to 10 MSamples/Second. Additional circuitry was required to
interface the ADC600 to the framestore unit, thus the ADC600 was socketed onto
a
5"
x
9"
vector board which contained the addition interface circuitry. Since
the ADC600 outputs are in single ended ECL format and the framestore input
format is complementary ECL, the ECL interface circuitry necessary to make
the signal conversion had to be added to the vector board.
A complementary ECL input format for the framestore was chosen due to
the long cable lengths required to connect to the ADC output. Complementary
ECL offers greater noise immunity at the cost of increased power
requirements. The framestore interface to the HP9000/330 computer is
accomplished using a 16 bit single ended TTL interface cable which can be
purchased with the HP98622A 16 bit interface card for the HP9000/330
computer. The framestore unit was built due to the fact that the HP9000/330
computer is unable to read in data at rates as fast as 10 MSamples/Second and is
unable to synchronize to the video output. The framestore unit implemented
can read in 16 bit data at rates up to 25 MSamples/Second and then transfer the
data to the HP9000/330 computer at more compatible rates. The framestore unit
also offers the ability to capture successive lines of imager output(up to 16)
and an external trigger option, which is useful for measurements requiring
extended integration or synchronized optical input(i.e. Image Lag). In
addition, the framestore unit provides the option for the computer to perform
a read/write check on all of the framestore's internal memory. This diagnostic
feature greatly simplifies the installation and maintenance of the unit. The
framestore unit was implemented on two Augat boards using wire wrap
technology.
It's worth noting that all of the electronics except for the sensor and
logic boards are imager independent. This fact greatly simplifies the
changing from testing one imager to another. Indeed, one must only install
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the new logic and sensor boards to take measurements on a different imager.
All other imager-to-imager dependencies are handled in software.
The logic board is used to generate the necessary timing signals
required to operate the imager. These signals include the CCD shift register
clocks, reset gate clock, photodiode-to-CCD transfer gate clock, and the signal
processing timing clocks: video clamp, video sample, ADC convert data pulse,
and framestore line start. All signals generated on the logic board are in TTL
format.
The imager sensor board contains the circuitry required to translate the
TTL level signals to MOS levels and the circuitry required to generate the
necessary DC level signals. In addition, the sensor board contains the
1 8
correlated double sampling signal processing circuitry . This circuitry
extracts the light intensity information from the video signal and conditions it
for input to the analog-to-digital converter.
4.3 Software Section of Measurement System
The software system allows the user to manipulate the optical and
electronics equipment so that interactive measurements can be performed.
This facility is very useful for performing one time measurements and for
developing new measurements. In addition to the interactive capabilities, the
software system has several sections designed to perform specific tests on
linear solid state imagers, such as photodiode quantum efficiency, photodiode
responsivity, and photodiode-to-photodiode crosstalk, to name just a few. The
quantum efficiency measurement section and the responsivity measurement
section of the software were used to measure the quantum efficiency and
responsivity, respectively, for the photodiode modeled.
Figure 4.4 contains a block diagram depicting the relationship between
the two measurement routines(quantum efficiency and responsivity) and the
main and lower level driver routines. The lower level routines were written to
control the instrumentation electronics described in section 4.2. These
routines are used extensively by all of the measurement routines and the main
menu routine.
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Figure 4.4 Block Diagram of Software Section of
Measurement System
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* Interactive Instrumentation Control
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Measurement Menu
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can be varied
Responsivity Measurement
Menu
* Performs Responsivity
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* Measurement Parameters
can be varied
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Wheel Interface
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Wheel Interface
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At the conclusion of a measurement, the user has the option to
graphically view the results and/or save the results in a file. Once in file
form, the measurement data can be printed or transferred to another
computer for further evaluation. The quantum efficiency data, responsivity
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data, and modeling results were all transferred to a Macintosh SE computer for
graphical analysis and comparison.
5.0 Description of Measurement Procedure
The procedures used to measure photodiode quantum efficiency and
sensor responsivity as a function of incident wavelength are described below.
Since the sensor charge-to-voltage factor is required in the calculation of
both of these quantities, the measurement procedures for determining this
factor have also been included. A detailed description of the charge-to-voltage
factor is located in appendix D.
5.1 Quantum Efficiency Measurement Procedure
The following procedures were used to measure the quantum efficiency
values reported in this study. These procedures were implemented in software
and executed by the HP9000 computer. The first steps in the listing describe
the optical calibration of the sensor plane, and the remaining procedures
describe the measurements required to calculate the number of captured
electrons(Ncap) and the number of incident photons(Npn). Note that several
references are made to equipment block diagrams in section 4.0.
Quantum Efficiency Measurement Procedures:
Step Description
(1) Power down all instrumentation and computer equipment.
(2) Disconnect power from sensor board and insert sensor under
test into the appropriate socket on sensor board (figure 4.2, iteml8).
(3) Power up xenon light source(figure 4.2, item 1)
(4) Apply power to all instrumentation and computer equipment
(see figures 4.2 & 4.3).
(5) Apply all AC and DC signals to the sensor board.
(6) Align sensor board in optical plane to achieve the best
uniformity across sensor under test.
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(7) Scan monochromator(figure 4.2, item 4) from 350 nm to 850
nm while observing the sensor output voltage for clipping.
(8) If output voltage clipping occurs, insert an appropriate
neutral density filter into the optical path and repeat 7. If no
clipping is observed, proceed to step 9.
(9) Mark the sensors position in the optical plane. This can be
accomplished with a piece of string or an X-Y-Z pointing unit.
(10) Slide the sensor board out of the optical plane being careful not
to disturb the position marker.
(11) Insert the calibration diode assembly(figure 4.2, item 16) into
the optical plane at the location noted by the position marker.
(12) Set the calibration transimpedance amplifier gain[V/A] to
1E+8, and the reference transimpedance amplifier gain[V/A]
to 1E+6.
(13) Remove the position marker from the optical plane.
(14) Remove all sources of light other than the xenon light source.
(15) Set monochromator to 350 nm and 3.3 nm bandwidth, and insert
the appropriate color blocking filter.
(16) Record the calibration diode output voltage and the reference
diode output voltage(figure 4.2, item 11).
(17) Increment monochromator wavelength by 10 nm and repeat
step 16 until end of wavelength scan has been reached(850nm).
(18) Using the optical transformation data supplied with the
calibrated diode and the aperture area of the calibration
diode, convert the calibration diode voltage readings into
optical power readings (Watts/mA2).
~ , rr/ 2, Cal. Diode Voltage[V]Optical Power[W/m ] = s x
Cal. Diode Response[A/W] x Cal. Diode Area[m ]
1
Cal. Transimpedance GaintV/A]
(5.1)
This step yields a table of reference diode voltages and optical
power values versus incident wavelength.
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At this point, the optical power reaching the sensor
plane as a function of wavelength is calibrated. That is, the
optical power incident at the sensor plane can now be
measured indirectly by reading the reference diode voltage
and the present wavelength(X) :
Optical Power = Present Reference Diode Voltage x
Optical Power(X)
Reference Diode Voltage(X)
. (5.2)
(19) Re-insert the position marker in front of the calibration
diode.
(20) Remove the calibration diode assembly and re-insert the
sensor board.
(21) Adjust the sensor board position so that the sensor is once
again centered in front of the position marker.
(22) Remove the position marker from in front of the sensor.
(23) Set the monochromator to 350 nm and 3.3 nm bandwidth, and
insert the appropriate color blocking filter.
(24) Record the sensor output voltage, reference diode voltage, and
the wavelength in a table.
(25) Increment monochromator to next wavelength, choose color
blocking filter, and repeat step 24. Continue incrementing
monochromator until final wavelength value is reached
(850 nm).
(26) Using the data gathered in step 24 and the table created in step
18, calculate the incident optical power reaching the sensor at
each measured wavelength. Record all data in a table.
Optical Power = Present Reference Diode Voltage x
Optical Power(X)
Reference Diode Voltage(X)
. (5.3)
(27) Using the above table of optical power data, the energy per
photon(E=HC/X), the sensors integration time(t-nt), and the
sensors pixel area, calculate the number of incident
photons(Npn(X)) impinging on a pixel as a function of wavelength.
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XT , , r
tint[s] Pixel Area[mA2]
N_h(X) = Optical Power[W/mA2] - iP E(X) [J/Photon]
. (5.4)
(28) Using the sensor output voltage data gathered in step 24 and
the sensor's charge-to-voltage factor(see section 5.3 for
details), calculate the number of captured photogenerated
electrons(Ncap(X)) as a function of wavelength.
N ,^ =
Sensor Output Voltage(X) [V]
cap dV
(29) Combine the data from steps 27 and 28 to calculate the
quantum efficiency at each wavelength:
NcaD(X)
Q E (X) = 100% -2E
(5.5)
Nph(W
. (5.6)
(30) Graph QE(X) versus X.
5.2 Responsivity Measurement Procedure
Sensor responsivity can be calculated directly from the quantum
efficiency data, incident photon energy, and the sensor charge-to-voltage
factor by using equation 2.60. Thus, no additional measurement steps are
required. Note, however, that the calculation of the responsivity requires that
the sensor charge-to-voltage factor be measured.
5.3 Charge-to-VoItage Measurement Procedure
The following section lists the procedures used to measure the charge-
to-voltage values reported in this study. These measurement procedures were
implemented in software(section 4.3), but they could just as easily have been
performed manually. Note that several references are made to the equipment
block diagrams in section 4.0. A description of the charge-to-voltage factor is
included in appendix D.
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Charge-to-Voltage Measurement Procedures:
-SlejQ
Description
( 1 ) Disconnect power from sensor board and insert sensor under
test into the appropriate socket on sensor board (figure 4.2,
iteml8).
(2) Connect the reset drain measurement electronics, as shown in
figure D.4, into the sensor board electronics, and disconnect
the internal reset drain connection on the sensor board(figure
4.2, item 18).
(3) Power up xenon light source(figure 4.2, item 1)
(4) Apply power to all instrumentation and computer equipment
(see figures 4.2 & 4.3).
(5) Apply all AC and DC signals to the sensor board.
(6) Apply power to picoammeter and external voltage source in
reset drain measurement electronics.
(7) Adjust the light source intensity so that the sensor output
signal in near its maximum value, and the light source
uniformity so that each sensor pixel reads approximately that
same value.
(8) Record the total sensor output voltage and the average reset
drain current. Sensor output voltage can be measured
manually with an oscilloscope or through the computer via the
analog-to-digital output, and the average reset current can be
measured by reading the picoammeter.
(9) Decrease the light level hitting the sensor by inserting a
neutral density filter into the optical path(figure 4.2, item
6&7).
(10) Repeat steps 8 and 9 for 5 to 10 more increasing neutral density
filter values.
(11) Calculate the slope of the sensor output voltage versus average
reset drain current(dV/dIrd) with the data gathered from the
above steps.
(12) Adjust the light source as in step 7(i.e. near
maximum level).
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(13) Record the time required to read out all the active pixels and
the total readout time.
(14) Calculate the active pixel duty cycle:
DC = Active Pixel Readout Time / Total Readout Time. (5.7)
(15) Record the CCD operating frequency(i.e. pixel readout rate).
(16) Measure the total gain associated with all amplifiers and/or
buffers that exist between the sensor output measurement
point and the actual sensor output pin.
(17) Record the number of sensor output channels that are
associated with the reset drain pin used to obtain the average
reset drain current readings in step 8. That is, how many
device outputs are common to the single reset drain pin?
(18) Using the following equation, calculate the charge-to-voltage
factor for the sensor under test:
-Vout dV0Ut q fcc_ DC (Number of channels)
= x
dNe dlrd (Preamplifier Gain) ,e g->
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6.0 Measurement Results
The following results were obtained by applying the measurement procedures
listed in section 5.0 to a Kodak L4A linear solid state imager. Table 6.1 contains the
measured quantum efficiency and responsivity data for the L4A linear sensor, and
table 6.2 contains the measured output voltage and average reset drain current data
required to calculate the charge-to-voltage factor. Electrical specifications for the
Kodak L4A linear sensor are located in appendix A. Values obtained from procedures
14-17 of section 5.3 were: DC = 0.86. Gain = 1.33. and number of channels = 3.
Table 6.1 Measured Quantum Efficiency and Responsivity Data
Wavelength
[nm]
QE
[%]
Responsivity
[V/uJ/cmA2]
Wavelength
[nm]
QE
[%]
Responsivity
[V/uJ/cmA2]
370.8 40.64 22.63 614.2 60.63 58.74
374.2 48.07 27.74 619.2 58.54 57.15
379.1 51.59 29.75 624.1 57.25 56.47
384.3 51.95 30.54 629.2 57.35 56.67
389.2 47.71 28.45 634.2 58.16 58.30
394.2 47.64 29.05 639.2 59.79 60.13
399.1 52.27 32.65 644.1 61.48 62.70
404.1 59.44 37.87 649.2 64.53 65.98
409.2 63.23 40.11 654.2 67.46 69.13
414.2 59.36 38.05 659.2 69.19 71.23
419.1 54.61 35.59 664.3 70.00 72.86
424.1 52.95 35.18 669.2 69.65 73.47
429.1 55.42 37.26 674.1 68.41 72.56
434.1 61.35 41.38 679.3 65.23 70.44
439.1 66.32 45.91 684.1 62.50 67.36
444.3 67.55 47.11 689.2 59.83 64.38
449.2 63.78 43.84 694.2 57.04 61.72
454.1 57.66 42.06 699.1 54.36 60.00
459.3 56.09 41.45 704.2 50.74 57.09
464.1 57.35 42.82 709.1 50.79 56.79
469.1 60.92 46.36 714.3 50.12 56.53
474.1 66.74 51.05 719.2 50.11 56.86
479.2 71.28 54.90 724.3 50.52 57.25
484.2 72.91 56.16 729.1 50.49 57.84
489.1 70.12 54.49 734.2 51.31 59.12
494.1 63.79 50.84 739.2 51.43 60.09
499.1 59.72 48.01 744.3 52.55 61.15
504.2 58.04 47.13 749.2 53.14 62.44
509.2 58.22 47.64 754.1 53.68 63.41
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Table 6.1 Measured Quantum Efficiency
(continued)
and Responsivity Data
Wavelength
[nm]
QE
[%]
Responsivity
[V/uJ/cm*2]
Wavelength
[nm]
QE
[%]
Responsivity
[V/uJ/cm*2]
514.1 61.32 50.26 759.2 53.05 63.67
519.1 65.81 55.24 764.1 52.42 62.31
524.1 70.39 59.47 769.2 52.65 62.63
529.1 73.64 62.43 774.1 52.36 63.51
534.2 73.57 62.75 779.1 47.91 58.69
539.1 70.78 60.64 784.1 45.50 55.98
544.3 66.00 56.96 789.1 42.86 53.20
549.1 61.64 53.80 794.1 40.88 50.82
554.1 59.52 51.82 799.1 38.55 48.76
559.1 57.60 51.18 804.2 36.33 46.21
564.1 58.61 52.37 809.4 34.52 44.20
569.1 61.09 55.05 814.0 33.86 43.34
574.3 64.75 58.55 819.2 31.80 40.87
579.2 68.68 62.82 824.2 30.08 38.48
584.1 72.02 66.56 829.2 29.91 38.82
589.2 73.83 68.91 834.1 29.93 38.34
594.2 73.35 69.28 839.0 27.72 36.70
599.3 71.29 67.55 844.2 27.81 37.26
604.1 68.30 64.75 849.2 26.00 35.72
609.2 64.20 61.37
Table 6.2 Measured Charge-to-Voltage Data
Average Reset
Drain Current
Preamplifier
Output Voltage
[uA] [mV]
0.00 0
0.28 100
0.56 200
1.12 400
1.37 500
1.61 600
2.13 800
2.64 1000
2.93 1100
3.43 1300
3.97 1500
4.73 1800
5.24 2000
45
7.0 Discussion of Measurement Results
The calculation of both the quantum efficiency and responsivity requires
that the imager charge-to-voltage factor be known. As described in the
procedural section 5.3, this factor can be measured by monitoring the imager
output voltage for various reset drain currents. Table 6.2 lists these observed
responses for the Kodak L4A imager. These values are also graphed in figure
7.1 so that the slope(dV/dIr(j) can be extracted. From the best fit equation
Figure 7.1 Sensor Output Voltage vs Reset Drain Current
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supplied in this figure, the slope estimate is found to be 382.91 [mV/uA].
Inserting this value and the other required values listed in section 6.0 into
equation 5.8 yields a charge-to-voltage factor(dV/dNe) of 3.57 [uV/e'].
The data summarized in table 6.1 was calculated using the procedures
listed in sections 5.1 and 5.2, the data in appendix A, and the above value for
dV/dNe. The quantum efficiency and responsivity data is graphed in figures
7.2 and 7.3, respectively. The quantum efficiency plot shows the expected
interference peaking associated with the single oxide layer and a declining
amplitude at longer wavelengths. This latter phenomenon is also expected by
the near zero values for the silicon extinction coefficient(Table B.3).
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8.0 Modeling Results
The data listed in tables 8.1 through 8.11 was generated by the modeling
program LARISP. Parameters describing the Kodak L4A photodiode were entered
into the program and then simulation data output. Tables 8.1 and 8.2 contain only
reflectance data. This data, which is graphed in figures 8.1 through 8.11, will be
compared with reflectance data published by
Huen19
to establish correct
operation of the modeling section of the program. Tables 8.3 through 8.6 contain
modeling data for varying minority carrier diffusion lengths(Ln), and tables 8.7
through 8.10 contain modeling data for varying oxide thicknesses. Finally, table
8.11 contains the modeling results for the best fit values for diffusion length and
oxide thickness(Ln = 8 um, and Oxide = 1720 nm).
Table 8.1 Modeled Reflectance Data [%]
Wavelength
[nm] 0.0 um 0.1um
Oxide T
0.2 um
lickness
0.3 um 0.4 um 0.5 um
400 46.24 33.92 17.67 38.18 45.67 28.35
405 45.45 32.3 17.47 39.31 43.88 23.39
410 44.64 30.66 17.48 40.14 41.6 19.13
415 43.91 29.13 17.79 40.79 39.01 16.14
420 43.36 27.75 18.42 41.35 36.19 14.76
425 42.79 26.39 19.16 41.64 33.07 14.86
430 42.34 25.18 20.06 41.79 29.86 16.33
435 41.96 24.07 21.08 41.79 26.63 18.76
440 41.58 22.99 22.11 41.57 23.4 21.7
445 41.16 21.9 23.1 41.11 20.3 24.75
450 40.69 20.8 24.01 40.42 17.45 27.64
455 40.21 19.73 24.89 39.55 15.01 30.25
460 39.77 18.72 25.74 38.55 13.11 32.51
465 39.48 17.89 26.69 37.56 11.91 34.49
470 39.19 17.08 27.58 36.42 11.3 36.03
475 38.9 16.31 28.4 35.16 11.26 37.14
480 38.61 15.57 29.17 33.8 11.74 37.83
485 38.33 14.86 29.88 32.33 12.67 38.12
490 38.04 14.19 30.52 30.78 13.94 38.04
495 37.75 13.54 31.1 29.16 15.47 37.6
500 37.55 13 31.69 27.56 17.22 36.91
505 37.36 12.49 32.24 25.94 19.06 35.92
510 37.18 12.02 32.73 24.3 20.93 34.65
515 36.99 11.57 33.16 22.66 22.75 33.11
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Table 8.1 Modeled Reflectance
(continued)
Data [%]
Wavelength
[nm] 0.0 um 0.1um
Oxide T
0.2 um
lickness
0.3 um 0.4 um 0.5 um
520 36.81 11.16 33.54 21.04 24.48 31.34
525 36.62 10.77 33.87 19.44 26.11 29.37
530 36.44 10.4 34.14 17.9 27.6 27.23
535 36.25 10.06 34.36 16.42 28.95 24.97
540 36.08 9.75 34.55 15.04 30.16 22.65
545 35.96 9.5 34.75 13.79 31.27 20.36
550 35.83 9.27 34.91 12.65 32.22 18.11
555 35.71 9.07 35.03 11.62 33.03 15.97
560 35.59 8.88 35.1 10.72 33.68 13.99
565 35.47 8.71 35.14 9.95 34.2 12.23
570 35.34 8.56 35.14 9.31 34.57 10.74
575 35.21 8.42 35.11 8.81 34.82 9.57
580 35.09 8.3 35.05 8.45 34.94 8.74
585 34.96 8.19 34.95 8.21 34.94 8.26
590 34.83 8.1 34.83 8.11 34.82 8.12
595 34.73 8.04 34.71 8.14 34.64 8.33
600 34.63 8 34.56 8.28 34.35 8.84
605 34.53 7.96 34.39 8.52 33.96 9.62
610 34.43 7.94 34.2 8.86 33.48 10.61
615 34.33 7.93 33.98 9.28 32.92 11.79
620 34.23 7.93 33.75 9.77 32.28 13.09
625 34.15 7.95 33.52 10.34 31.59 14.5
630 34.07 7.98 33.26 10.96 30.83 15.96
635 33.99 8.02 32.99 11.63 30 17.45
640 33.91 8.06 32.71 12.33 29.12 18.93
645 33.84 8.12 32.41 13.06 28.18 20.37
650 33.76 8.18 32.09 13.81 27.2 21.77
655 33.68 8.24 31.77 14.57 26.18 23.1
660 33.61 8.32 31.43 15.35 25.13 24.36
665 33.54 8.4 31.09 16.13 24.06 25.54
670 33.47 8.49 30.73 16.9 22.96 26.62
675 33.4 8.58 30.37 17.66 21.85 27.62
680 33.32 8.68 29.99 18.42 20.73 28.52
685 33.25 8.77 29.6 19.16 19.61 29.32
690 33.19 8.88 29.22 19.89 18.51 30.04
695 33.14 9 28.84 20.61 17.43 30.68
700 33.09 9.12 28.45 21.31 16.37 31.23
705 33.04 9.24 28.06 21.99 15.34 31.68
710 32.99 9.37 27.66 22.64 14.35 32.06
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Table 8.1 Modeled Reflectance I
(continued)
Data [%]
Wavelength
[nm] 0.0 um 0.1um
Oxide T
0.2 um
lickness
0.3 um 0.4 um 0.5 um
715 32.94 9.5 27.25 23.27 13.39 32.35
720 32.88 9.63 26.84 23.88 12.48 32.56
725 32.83 9.76 26.43 24.45 11.62 32.69
730 32.78 9.89 26.01 25.01 10.82 32.75
735 32.74 10.03 25.59 25.54 10.07 32.74
740 32.69 10.16 25.17 26.04 9.4 32.66
745 32.64 10.3 24.75 26.52 8.79 32.51
750 32.6 10.44 24.33 26.98 8.25 32.31
755 32.55 10.57 23.91 27.41 7.78 32.04
760 32.5 10.71 23.48 27.81 7.38 31.71
765 32.46 10.85 23.06 28.19 7.05 31.33
770 32.41 10.99 22.64 28.54 6.79 30.9
775 32.36 11.13 22.21 28.87 6.61 30.42
780 32.32 11.27 21.8 29.19 6.49 29.9
785 32.28 11.41 21.38 29.48 6.45 29.33
790 32.24 11.55 20.97 29.75 6.46 28.73
795 32.2 11.69 20.56 30 6.54 28.08
800 32.16 11.83 20.15 30.23 6.68 27.4
805 32.12 11.97 19.74 30.43 6.87 26.69
810 32.08 12.11 19.34 30.62 7.11 25.95
815 32.04 12.24 18.93 30.79 7.4 25.18
820 32 12.38 18.54 30.94 7.73 24.38
825 31.96 12.51 18.14 31.07 8.1 23.57
830 31.94 12.67 17.78 31.21 8.53 22.77
835 31.93 12.82 17.42 31.34 8.99 21.95
840 31.92 12.98 17.06 31.46 9.47 21.13
845 31.91 13.13 16.71 31.56 9.99 20.3
850 31.9 13.28 16.36 31.64 10.52 19.46
855 31.89 13.44 16.02 31.71 11.07 18.63
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Table 8.2 Modeled Reflectance Data [%]
Wavelength
[nm] 0.6 um 0.7 um
Oxide T
0.8 um
lickness
0.9 um 1.0 um
400 20.41 42.12 43.76 22.92 25.23
405 23.95 44.09 38.88 17.25 32.87
410 28.06 44.53 32.42 16.65 38.95
415 32.1 43.66 25.3 20.74 42.46
420 35.67 41.62 18.94 27.08 43.36
425 38.37 38.33 14.84 33.13 41.62
430 40.26 34.08 14.18 37.76 37.55
435 41.33 29.13 16.75 40.59 31.51
440 41.55 23.82 21.29 41.53 24.24
445 40.95 18.78 26.4 40.66 17.37
450 39.55 14.74 31.04 38.09 13.01
455 37.47 12.36 34.72 34.01 12.63
460 34.8 11.98 37.28 28.77 15.97
465 31.75 13.53 38.8 23.01 21.46
470 28.29 16.42 39.18 17.43 27.21
475 24.57 20.04 38.49 13.08 32.09
480 20.82 23.84 36.8 10.92 35.58
485 17.27 27.42 34.19 11.33 37.56
490 14.19 30.52 30.78 13.94 38.04
495 11.81 33.02 26.74 17.94 37.1
500 10.38 34.95 22.42 22.48 34.92
505 9.91 36.25 18.14 26.83 31.57
510 10.36 36.92 14.3 30.52 27.25
515 11.62 36.99 11.38 33.37 22.32
520 13.5 36.49 9.72 35.29 17.34
525 15.8 35.46 9.49 36.3 13.03
530 18.31 33.94 10.61 36.43 10.11
535 20.88 31.96 12.8 35.73 9.09
540 23.38 29.6 15.72 34.25 10.06
545 25.76 26.96 19.02 32.12 12.7
550 27.9 24.09 22.34 29.35 16.36
555 29.78 21.09 25.45 26.06 20.42
560 31.36 18.09 28.2 22.43 24.35
565 32.65 15.25 30.51 18.69 27.84
570 33.63 12.73 32.33 15.12 30.68
575 34.33 10.66 33.66 12.03 32.79
580 34.75 9.17 34.5 9.72 34.17
585 34.91 8.32 34.87 8.4 34.83
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Table 8.2 Modeled Reflectance Data
(continued)
[%]
Wavelength
[nm] 0.6 um 0.7 um
Oxide T
0.8 um
lickness
0.9 um 1.0 um
590 34.82 8.14 34.8 8.18 34.78
595 34.51 8.63 34.33 9.02 34.1
600 33.98 9.68 33.46 10.75 32.8
605 33.23 11.18 32.22 13.12 30.93
610 32.29 13.03 30.63 15.89 28.54
615 31.16 15.1 28.74 18.8 25.72
620 29.86 17.27 26.58 21.67 22.59
625 28.44 19.47 24.23 24.36 19.33
630 26.88 21.62 21.74 26.78 16.08
635 25.21 23.64 19.18 28.85 13.08
640 23.46 25.51 16.65 30.55 10.54
645 21.65 27.19 14.24 31.87 8.66
650 19.81 28.67 12.06 32.81 7.59
655 17.99 29.94 10.2 33.38 7.38
660 16.2 31.01 8.74 33.59 8.01
665 14.49 31.86 7.74 33.46 9.37
670 12.89 32.5 7.24 33 11.31
675 11.43 32.94 7.23 32.23 13.64
680 10.14 33.19 7.69 31.16 16.19
685 9.04 33.25 8.57 29.82 18.79
690 8.16 33.14 9.81 28.25 21.33
695 7.51 32.87 11.34 26.47 23.71
700 7.1 32.43 13.07 24.5 25.86
705 6.92 31.84 14.92 22.4 27.75
710 6.97 31.11 16.83 20.21 29.33
715 7.23 30.24 18.73 17.98 30.61
720 7.68 29.24 20.59 15.79 31.59
725 8.32 28.12 22.36 13.69 32.26
730 9.11 26.9 24.01 11.77 32.64
735 10.03 25.59 25.54 10.07 32.74
740 11.05 24.21 26.92 8.68 32.56
745 12.16 22.76 28.14 7.61 32.12
750 13.32 21.26 29.2 6.93 31.43
755 14.52 19.74 30.1 6.62 30.5
760 15.74 18.21 30.84 6.7 29.36
765 16.97 16.7 31.43 7.14 28.01
770 18.18 15.21 31.85 7.9 26.48
775 19.37 13.78 32.14 8.95 24.79
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Table 8 2 Modeled Reflectance Data [%]
(continued)
Wavelength
[nm] 0.6 um 0.7 um
Oxide Tl
0.8 um
lickness
0.9 um 1.0 um
780 20.52 12.44 32.28 10.23 22.98
785 21.64 11.18 32.28 11.68 21.08
790 22.7 10.04 32.15 13.26 19.12
795 23.71 9.03 31.89 14.91 17.14
800 24.66 8.16 31.5 16.59 15.2
805 25.55 7.45 31 18.27 13.33
810 26.38 6.9 30.39 19.9 11.6
815 27.14 6.52 29.67 21.46 10.04
820 27.84 6.31 28.85 22.94 8.71
825 28.47 6.25 27.94 24.32 7.63
830 29.07 6.38 26.97 25.6 6.86
835 29.61 6.66 25.93 26.78 6.39
840 30.08 7.08 24.82 27.84 6.22
845 30.5 7.62 23.65 28.76 6.37
850 30.86 8.28 22.43 29.57 6.79
855 31.16 9.04 21.17 30.25 7.48
Oxide
i i i I
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i i | i i i i | i i i i I ' ' I '
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Figure 8.2 Reflectance From Silicon Surface - O.lum Oxide
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Figure 8.3 Reflectance From Silicon Surface - 0.2um Oxide
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Figure 8.4 Reflectance From Silicon Surface - 0.3um Oxide
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Figure 8.5 Reflectance From Silicon Surface - 0.4um Oxide
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Figure 8.6 Reflectance From Silicon Surface - O.Sum Oxide
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Figure 8.7 Reflectance From Silicon Surface - 0.6um Oxide
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Figure 8.8 Reflectance From Silicon Surface - 0.7um Oxide
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Figure 8.9 Reflectance From Silicon Surface - 0.8um Oxide
Wavelength [nm]
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Figure 8.10 Reflectance From Silicon Surface - 0.9um Oxide
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Figure 8.11 Reflectance From Silicon Surface - l.Oum Oxide
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Table 8.3 Modeled QE and Responsivity (Ln = 5um, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%1
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 19.60 52.48 0.00 52.48 33.96
405.00 19.43 53.74 0.00 53.74 35.20
410.00 31.80 46.50 0.00 46.50 30.83
415.00 41.30 40.80 0.00 40.80 27.38
420.00 43.23 40.04 0.00 40.04 27.20
425.00 37.54 44.70 0.00 44.71 30.73
430.00 25.91 53.65 0.02 53.67 37.33
435.00 15.01 62.14 0.04 62.18 43.75
440.00 15.27 62.54 0.08 62.62 44.56
445.00 25.29 55.70 0.12 55.82 40.18
450.00 35.01 48.98 0.17 49.15 35.78
455.00 39.72 45.92 0.24 46.16 33.97
460.00 38.88 46.97 0.37 47.34 35.22
465.00 33.02 51.76 0.50 52.26 39.30
470.00 23.31 59.57 0.71 60.28 45.82
475.00 13.86 67.22 0.98 68.21 52.40
480.00 11.07 69.62 1.29 70.91 55.05
485.00 16.73 65.30 1.55 66.84 52.44
490.00 25.74 58.23 1.76 59.99 47.55
495.00 33.09 52.37 2.02 54.39 43.55
500.00 36.95 49.15 2.30 51.45 41.61
505.00 37.01 48.81 2.75 51.56 42.11
510.00 33.47 51.16 3.45 54.60 45.04
515.00 26.85 55.68 4.48 60.17 50.12
520.00 18.56 61.67 5.50 67.17 56.50
525.00 11.56 66.71 6.46 73.17 62.13
530.00 9.29 68.11 7.16 75.27 64.52
535.00 12.75 65.16 7.42 72.59 62.81
540.00 19.61 59.58 7.43 67.01 58.52
545.00 26.71 53.38 7.61 60.99 53.76
550.00 32.09 48.49 7.88 56.38 50.15
555.00 35.05 45.32 8.41 53.73 48.23
560.00 35.51 43.83 9.27 53.10 48.09
565.00 33.57 44.09 10.37 54.46 49.77
570.00 29.45 46.12 11.59 57.71 53.21
575.00 23.62 49.13 13.19 62.32 57.96
580.00 17.05 52.44 15.03 67.48 63.30
585.00 11.33 55.03 16.84 71.86 68.00
59
Table 8.3 Modeled QE and Responsivity (Ln = Sum, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
590.00 8.28 55.80 18.22 74.02 70.63
595.00 8.93 54.30 18.81 73.12 70.37
600.00 12.80 50.90 18.71 69.62 67.56
605.00 18.34 46.60 18.17 64.78 63.39
610.00 23.98 42.35 17.52 59.86 59.07
615.00 28.70 38.72 16.98 55.70 55.40
620.00 32.01 35.92 16.71 52.64 52.78
625.00 33.78 34.20 16.66 50.86 51.41
630.00 34.00 33.28 16.98 50.26 51.21
635.00 32.74 33.07 17.67 50.74 52.12
640.00 30.10 33.47 18.73 52.21 54.04
645.00 26.26 34.35 20.12 54.47 56.83
650.00 21.54 35.49 21.77 57.27 60.21
655.00 16.49 36.84 23.48 60.31 63.90
660.00 11.86 38.01 25.04 63.05 67.30
665.00 8.54 38.53 26.24 64.77 69.67
670.00 7.20 38.16 26.85 65.01 70.45
675.00 8.09 36.86 26.80 63.66 69.51
680.00 10.86 34.83 26.16 61.00 67.09
685.00 14.83 32.40 25.14 57.54 63.75
690.00 19.23 29.89 23.94 53.83 60.08
695.00 23.44 27.55 22.76 50.31 56.55
700.00 27.06 25.50 21.72 47.22 53.46
705.00 29.86 23.79 20.90 44.69 50.96
710.00 31.77 22.44 20.32 42.76 49.10
715.00 32.75 21.41 19.99 41.40 47.87
720.00 32.83 20.67 19.90 40.57 47.25
725.00 32.05 20.19 20.04 40.23 47.17
730.00 30.45 19.96 20.39 40.36 47.65
735.00 28.11 20.10 20.98 41.07 48.83
740.00 25.12 20.37 21.72 42.09 50.38
745.00 21.64 20.73 22.58 43.31 52.18
750.00 17.90 21.10 23.48 44.58 54.08
755.00 14.20 21.40 24.33 45.74 55.85
760.00 10.88 21.56 25.04 46.60 57.28
765.00 8.33 21.49 25.49 46.97 58.12
770.00 6.83 21.14 25.60 46.74 58.21
775.00 6.55 20.52 25.37 45.89 57.52
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Table 8.3 Modeled QE and Responsivity (Ln = Sum, Oxide =
(continued)
1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
780.00 7.49 19.74 24.83 44.57 56.23
785.00 9.46 18.76 24.01 42.77 54.31
790.00 12.16 17.66 22.99 40.65 51.94
795.00 15.28 16.51 21.86 38.38 49.35
800.00 18.52 15.38 20.71 36.10 46.71
805.00 21.64 14.31 19.60 33.92 44.16
810.00 24.47 13.34 18.58 31.91 41.81
815.00 26.90 12.46 17.65 30.11 39.70
820.00 28.86 11.69 16.85 28.54 37.85
825.00 30.34 11.03 16.16 27.18 36.28
830.00 31.34 10.52 15.63 26.15 35.10
835.00 31.85 10.11 15.22 25.33 34.21
840.00 31.88 9.78 14.91 24.69 33.54
845.00 31.45 9.51 14.69 24.20 33.08
850.00 30.57 9.30 14.55 23.86 32.80
855.00 29.28 9.14 14.49 23.63 32.67
Table 8.4 Modeled QE and Responsivity (Ln = lOum, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ7cmA2]
400.00 19.60 52.48 0.00 52.48 33.96
405.00 19.43 53.74 0.00 53.74 35.20
410.00 31.80 46.50 0.00 46.50 30.83
415.00 41.30 40.80 0.00 40.80 27.38
420.00 43.23 40.04 0.00 40.04 27.20
425.00 37.54 44.70 0.00 44.71 30.73
430.00 25.91 53.65 0.02 53.67 37.33
435.00 15.01 62.14 0.04 62.18 43.75
440.00 15.27 62.54 0.08 62.62 44.57
445.00 25.29 55.70 0.13 55.82 40.18
450.00 35.01 48.98 0.17 49.16 35.78
455.00 39.72 45.92 0.25 46.17 33.98
460.00 38.88 46.97 0.38 47.35 35.23
465.00 33.02 51.76 0.52 52.28 39.32
470.00 23.31 59.57 0.74 60.31 45.85
475.00 13.86 67.22 1.03 68.26 52.44
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Table 8.4 Modeled QE and Responsivity (Ln = lOum, Oxide =
(continued)
= 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ7cmA2]
480.00 11.07 69.62 1.36 70.97 55.10
485.00 16.73 65.30 1.64 66.93 52.51
490.00 25.74 58.23 1.87 60.10 47.63
495.00 33.09 52.37 2.15 54.52 43.65
500.00 36.95 49.15 2.46 51.61 41.74
505.00 37.01 48.81 2.95 51.76 42.28
510.00 33.47 51.16 3.71 54.87 45.26
515.00 26.85 55.68 4.85 60.54 50.42
520.00 18.56 61.67 5.97 67.64 56.89
525.00 11.56 66.71 7.03 73.74 62.62
530.00 9.29 68.11 7.81 75.92 65.08
535.00 12.75 65.16 8.12 73.29 63.42
540.00 19.61 59.58 8.16 67.73 59.16
545.00 26.71 53.38 8.39 61.78 54.46
550.00 32.09 48.49 8.75 57.25 50.93
555.00 35.05 45.32 9.39 54.72 49.12
560.00 35.51 43.83 10.43 54.26 49.14
565.00 33.57 44.09 11.73 55.82 51.01
570.00 29.45 46.12 13.17 59.29 54.66
575.00 23.62 49.13 15.05 64.18 59.69
580.00 17.05 52.44 17.24 69.68 65.37
585.00 11.33 55.03 19.40 74.43 70.42
590.00 8.28 55.80 21.10 76.90 73.38
595.00 8.93 54.30 21.90 76.20 73.33
600.00 12.80 50.90 21.89 72.80 70.65
605.00 18.34 46.60 21.38 67.98 66.52
610.00 23.98 42.35 20.72 63.07 62.23
615.00 28.70 38.72 20.21 58.93 58.62
620.00 32.01 35.92 20.02 55.94 56.10
625.00 33.78 34.20 20.07 54.26 54.86
630.00 34.00 33.28 20.56 53.84 54.86
635.00 32.74 33.07 21.53 54.60 56.07
640.00 30.10 33.47 22.95 56.43 58.41
645.00 26.26 34.35 24.82 59.16 61.72
650.00 21.54 35.49 27.03 62.52 65.73
655.00 16.49 36.84 29.32 66.15 70.08
660.00 11.86 38.01 31.43 69.44 74.12
665.00 8.54 38.53 33.11 71.64 77.06
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Table 8.4 Modeled QE and Responsivity (Ln = 1(
(continued)
lum, Oxide == 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
670.00 7.20 38.16 34.07 72.23 78.28
675.00 8.09 36.86 34.20 71.06 77.58
680.00 10.86 34.83 33.58 68.42 75.25
685.00 14.83 32.40 32.47 64.87 71.87
690.00 19.23 29.89 31.11 61.01 68.08
695.00 23.44 27.55 29.76 57.31 64.42
700.00 27.06 25.50 28.58 54.08 61.23
705.00 29.86 23.79 27.68 51.47 58.70
710.00 31.77 22.44 27.10 49.54 56.89
715.00 32.75 21.41 26.85 48.25 55.80
720.00 32.83 20.67 26.93 47.60 55.43
725.00 32.05 20.19 27.32 47.51 55.71
730.00 30.45 19.96 28.01 47.97 56.64
735.00 28.11 20.10 28.97 49.07 58.34
740.00 25.12 20.37 30.18 50.55 60.50
745.00 21.64 20.73 31.56 52.29 63.00
750.00 17.90 21.10 33.02 54.12 65.65
755.00 14.20 21.40 34.43 55.84 68.19
760.00 10.88 21.56 35.65 57.21 70.33
765.00 8.33 21.49 36.53 58.02 71.79
770.00 6.83 21.14 36.95 58.08 72.34
775.00 6.55 20.52 36.85 57.37 71.91
780.00 7.49 19.74 36.28 56.02 70.67
785.00 9.46 18.76 35.28 54.05 68.62
790.00 12.16 17.66 33.99 51.65 66.00
795.00 15.28 16.51 32.52 49.03 63.05
800.00 18.52 15.38 31.00 46.39 60.02
805.00 21.64 14.31 29.53 43.84 57.08
810.00 24.47 13.34 28.16 41.50 54.37
815.00 26.90 12.46 26.94 39.40 51.94
820.00 28.86 11.69 25.88 37.57 49.83
825.00 30.34 11.03 24.99 36.02 48.06
830.00 31.34 10.52 24.31 34.83 46.76
835.00 31.85 10.11 23.81 33.92 45.81
840.00 31.88 9.78 23.46 33.23 45.15
845.00 31.45 9.51 23.25 32.76 44.77
850.00 30.57 9.30 23.17 32.47 44.64
855.00 29.28 9.14 23.20 32.34 44.72
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Table 8.5 Modeled QE and Responsivity (Ln = lSum, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 19.60 52.48 0.00 52.48 33.96
405.00 19.43 53.74 0.00 53.74 35.20
410.00 31.80 46.50 0.00 46.50 30.83
415.00 41.30 40.80 0.00 40.80 27.38
420.00 43.23 40.04 0.00 40.04 27.20
425.00 37.54 44.70 0.00 44.71 30.73
430.00 25.91 53.65 0.02 53.67 37.33
435.00 15.01 62.14 0.04 62.19 43.75
440.00 15.27 62.54 0.08 62.62 44.57
445.00 25.29 55.70 0.13 55.82 40.18
450.00 35.01 48.98 0.18 49.16 35.78
455.00 39.72 45.92 0.26 46.17 33.98
460.00 38.88 46.97 0.39 47.36 35.24
465.00 33.02 51.76 0.53 52.29 39.33
470.00 23.31 59.57 0.76 60.33 45.86
475.00 13.86 67.22 1.05 68.27 52.45
480.00 11.07 69.62 1.38 71.00 55.12
485.00 16.73 65.30 1.67 66.96 52.53
490.00 25.74 58.23 1.91 60.14 47.66
495.00 33.09 52.37 2.20 54.57 43.69
500.00 36.95 49.15 2.52 51.67 41.79
505.00 37.01 48.81 3.02 51.83 42.34
510.00 33.47 51.16 3.81 54.97 45.34
515.00 26.85 55.68 4.99 60.67 50.54
520.00 18.56 61.67 6.14 67.82 57.04
525.00 11.56 66.71 7.25 73.95 62.80
530.00 9.29 68.11 8.06 76.17 65.29
535.00 12.75 65.16 8.39 73.55 63.65
540.00 19.61 59.58 8.43 68.01 59.40
545.00 26.71 53.38 8.69 62.08 54.72
550.00 32.09 48.49 9.09 57.58 51.22
555.00 35.05 45.32 9.77 55.10 49.46
560.00 35.51 43.83 10.88 54.71 49.55
565.00 33.57 44.09 12.27 56.36 51.51
570.00 29.45 46.12 13.80 59.92 55.24
575.00 23.62 49.13 15.80 64.93 60.39
580.00 17.05 52.44 18.12 70.57 66.20
585.00 11.33 55.03 20.44 75.46 71.40
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Table 8.5 Modeled QE and Responsivity (Ln = 15um, Oxide =
(continued)
1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
590.00 8.28 55.80 22.27 78.07 74.50
595.00 8.93 54.30 23.16 77.46 74.55
600.00 12.80 50.90 23.20 74.11 71.92
605.00 18.34 46.60 22.71 69.31 67.83
610.00 23.98 42.35 22.07 64.42 63.56
615.00 28.70 38.72 21.58 60.30 59.98
620.00 32.01 35.92 21.43 57.36 57.52
625.00 33.78 34.20 21.53 55.73 56.34
630.00 34.00 33.28 22.12 55.39 56.45
635.00 32.74 33.07 23.21 56.28 57.81
640.00 30.10 33.47 24.82 58.29 60.34
645.00 26.26 34.35 26.91 61.26 63.91
650.00 21.54 35.49 29.40 64.89 68.22
655.00 16.49 36.84 31.97 68.80 72.89
660.00 11.86 38.01 34.35 72.36 77.24
665.00 8.54 38.53 36.27 74.81 80.46
670.00 7.20 38.16 37.42 75.59 81.91
675.00 8.09 36.86 37.66 74.53 81.37
680.00 10.86 34.83 37.09 71.93 79.11
685.00 14.83 32.40 35.96 68.36 75.74
690.00 19.23 29.89 34.56 64.46 71.93
695.00 23.44 27.55 33.16 60.71 68.24
700.00 27.06 25.50 31.95 57.45 65.04
705.00 29.86 23.79 31.04 54.83 62.53
710.00 31.77 22.44 30.49 52.93 60.78
715.00 32.75 21.41 30.32 51.72 59.81
720.00 32.83 20.67 30.52 51.19 59.61
725.00 32.05 20.19 31.08 51.27 60.12
730.00 30.45 19.96 31.99 51.95 61.34
735.00 28.11 20.10 33.19 53.29 63.35
740.00 25.12 20.37 34.68 55.05 65.89
745.00 21.64 20.73 36.38 57.11 68.81
750.00 17.90 21.10 38.19 59.29 71.92
755.00 14.20 21.40 39.96 61.36 74.93
760.00 10.88 21.56 41.52 63.08 77.54
765.00 8.33 21.49 42.70 64.19 79.42
770.00 6.83 21.14 43.35 64.48 80.31
775.00 6.55 20.52 43.39 63.91 80.12
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Table 8.S Modeled QE and Responsivity (Ln = 15
(continued)
um, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
780.00 7.49 19.74 42.86 62.60 78.98
785.00 9.46 18.76 41.83 60.59 76.94
790.00 12.16 17.66 40.43 58.10 74.23
795.00 15.28 16.51 38.83 55.34 71.16
800.00 18.52 15.38 37.16 52.54 67.98
805.00 21.64 14.31 35.52 49.84 64.89
810.00 24.47 13.34 34.01 47.35 62.03
815.00 26.90 12.46 32.67 45.13 59.49
820.00 28.86 11.69 31.51 43.21 57.31
825.00 30.34 11.03 30.56 41.59 55.50
830.00 31.34 10.52 29.84 40.36 54.18
835.00 31.85 10.11 29.32 39.44 53.26
840.00 31.88 9.78 29.00 38.78 52.69
845.00 31.45 9.51 28.85 38.36 52.43
850.00 30.57 9.30 28.86 38.16 52.46
855.00 29.28 9.14 29.01 38.15 52.76
Table 8.6 Modeled QE and Responsivity (Ln = 20um, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 19.60 52.48 0.00 52.48 33.96
405.00 19.43 53.74 0.00 53.74 35.20
410.00 31.80 46.50 0.00 46.50 30.83
415.00 41.30 40.80 0.00 40.80 27.38
420.00 43.23 40.04 0.00 40.04 27.20
425.00 37.54 44.70 0.00 44.71 30.73
430.00 25.91 53.65 0.02 53.67 37.33
435.00 15.01 62.14 0.04 62.19 43.75
440.00 15.27 62.54 0.08 62.62 44.57
445.00 25.29 55.70 0.13 55.82 40.18
450.00 35.01 48.98 0.18 49.16 35.78
455.00 39.72 45.92 0.26 46.18 33.98
460.00 38.88 46.97 0.39 47.36
35.24
465.00 33.02 51.76 0.54 52.29 39.33
470.00 23.31 59.57 0.76 60.33
45.86
475.00 13.86 67.22 1.06 68.28
52.46
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Table 8.6 Modeled QE and Responsivity (Ln = 20um, Oxide =
(continued)
- 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
480.00 11.07 69.62 1.39 71.01 55.13
485.00 16.73 65.30 1.68 66.98 52.54
490.00 25.74 58.23 1.93 60.16 47.68
495.00 33.09 52.37 2.22 54.59 43.71
500.00 36.95 49.15 2.55 51.70 41.81
505.00 37.01 48.81 3.06 51.87 42.37
510.00 33.47 51.16 3.86 55.02 45.38
515.00 26.85 55.68 5.06 60.74 50.60
520.00 18.56 61.67 6.24 67.91 57.12
525.00 11.56 66.71 7.36 74.06 62.89
530.00 9.29 68.11 8.19 76.29 65.40
535.00 12.75 65.16 8.53 73.69 63.77
540.00 19.61 59.58 8.58 68.15 59.53
545.00 26.71 53.38 8.85 62.24 54.86
550.00 32.09 48.49 9.26 57.75 51.38
555.00 35.05 45.32 9.97 55.30 49.64
560.00 35.51 43.83 11.12 54.95 49.77
565.00 33.57 44.09 12.56 56.65 51.77
570.00 29.45 46.12 14.14 60.26 55.55
575.00 23.62 49.13 16.20 65.33 60.76
580.00 17.05 52.44 18.60 71.04 66.65
585.00 11.33 55.03 21.00 76.03 71.94
590.00 8.28 55.80 22.91 78.71 75.11
595.00 8.93 54.30 23.85 78.15 75.21
600.00 12.80 50.90 23.92 74.83 72.62
605.00 18.34 46.60 23.44 70.04 68.54
610.00 23.98 42.35 22.81 65.16 64.29
615.00 28.70 38.72 22.34 61.05 60.73
620.00 32.01 35.92 22.22 58.14 58.30
625.00 33.78 34.20 22.35 56.55 57.16
630.00 34.00 33.28 22.99 56.26 57.33
635.00 32.74 33.07 24.16 57.23 58.78
640.00 30.10 33.47 25.87 59.34 61.43
645.00 26.26 34.35 28.09 62.44 65.14
650.00 21.54 35.49 30.74 66.24 69.64
655.00 16.49 36.84 33.48 70.32 74.49
660.00 11.86 38.01 36.02 74.03 79.03
665.00 8.54 38.53 38.09 76.63 82.42
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Table 8.6 Modeled QE and Responsivity (Ln = 20um, Oxide = 1710nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%1
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
670.00 7.20 38.16 39.36 77.52 84.01
675.00 8.09 36.86 39.67 76.54 83.56
680.00 10.86 34.83 39.13 73.97 81.36
685.00 14.83 32.40 38.01 70.41 78.01
690.00 19.23 29.89 36.59 66.48 74.20
695.00 23.44 27.55 35.16 62.71 70.50
700.00 27.06 25.50 33.94 59.44 67.30
705.00 29.86 23.79 33.04 56.84 64.81
710.00 31.77 22.44 32.53 54.96 63.12
715.00 32.75 21.41 32.41 53.81 62.23
720.00 32.83 20.67 32.70 53.37 62.15
725.00 32.05 20.19 33.38 53.57 62.82
730.00 30.45 19.96 34.44 54.40 64.23
735.00 28.11 20.10 35.80 55.89 66.45
740.00 25.12 20.37 37.47 57.84 69.23
745.00 21.64 20.73 39.39 60.12 72.44
750.00 17.90 21.10 41.43 62.53 75.85
755.00 14.20 . 21.40 43.45 64.85 79.19
760.00 10.88 21.56 45.24 66.80 82.12
765.00 8.33 21.49 46.64 68.12 84.29
770.00 6.83 21.14 47.46 68.60 85.43
775.00 6.55 20.52 47.62 68.14 85.42
780.00 7.49 19.74 47.14 66.88 84.38
785.00 9.46 18.76 46.11 64.87 82.37
790.00 12.16 17.66 44.67 62.33 79.65
795.00 15.28 16.51 43.00 59.51 76.53
800.00 18.52 15.38 41.25 56.63 73.28
805.00 21.64 14.31 39.54 53.85 70.11
810.00 24.47 13.34 37.95 51.29 67.19
815.00 26.90 12.46 36.55 49.01 64.61
820.00 28.86 11.69 35.36 47.06 62.41
825.00 30.34 11.03 34.40 45.42 60.61
830.00 31.34 10.52 33.67 44.19 59.32
835.00 31.85 10.11 33.17 43.28 58.45
840.00 31.88 9.78 32.89 42.66 57.96
845.00 31.45 9.51 32.80 42.31 57.83
850.00 30.57 9.30 32.90 42.20 58.02
855.00 29.28 9.14 33.16 42.30 58.50
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Table 8.7 iVlodeled QE and Responsivity (Ln = 8um, Oxide = 1670nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 32.29 44.20 0.00 44.20 28.59
405.00 42.44 38.39 0.00 38.39 25.15
410.00 44.56 37.80 0.00 37.80 25.07
415.00 38.83 42.51 0.00 42.51 28.54
420.00 26.82 51.61 0.00 51.61 35.06
425.00 15.53 60.45 0.01 60.46 41.56
430.00 16.36 60.57 0.02 60.59 42.14
435.00 27.01 53.37 0.03 53.40 37.57
440.00 36.71 46.71 0.06 46.77 33.29
445.00 40.92 44.04 0.10 44.14 31.77
450.00 39.27 45.78 0.16 45.94 33.44
455.00 32.28 51.58 0.28 51.87 38.17
460.00 21.75 60.13 0.48 60.62 45.10
465.00 12.97 67.25 0.67 67.92 51.09
470.00 12.34 68.09 0.84 68.93 52.40
475.00 19.70 62.66 0.95 63.61 48.87
480.00 28.87 55.68 1.07 56.75 44.06
485.00 35.39 50.66 1.25 51.92 40.73
490.00 37.95 48.65 1.54 50.19 39.78
495.00 36.56 49.65 2.01 51.66 41.36
500.00 31.62 53.30 2.63 55.93 45.23
505.00 23.87 59.00 3.50 62.49 51.05
510.00 15.46 65.00 4.63 69.63 57.44
515.00 10.10 68.44 5.84 74.28 61.87
520.00 10.70 67.63 6.41 74.04 62.27
525.00 16.46 63.02 6.50 69.51 59.03
530.00 23.95 57.10 6.40 63.50 54.43
535.00 30.36 52.01 6.34 58.35 50.49
540.00 34.44 48.58 6.49 55.08 48.11
545.00 35.94 46.67 7.15 53.82 47.44
550.00 34.87 46.51 8.17 54.68 48.64
555.00 31.41 47.87 9.64 57.50 51.62
560.00 25.94 50.33 11.62 61.94 56.11
565.00 19.27 53.57 13.80 67.38 61.57
570.00 12.95 56.91 15.72 72.62 66.96
575.00 8.95 58.57 17.33 75.90 70.59
580.00 8.70 57.72 18.30 76.02 71.32
585.00 12.07 54.57 18.53 73.10 69.17
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Table 8.7 Modeled QE and Responsivity (Ln = 8um, Oxide = 1670nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
590.00 17.56 50.15 18.24 68.40 65.27
595.00 23.43 45.66 17.69 63.34 60.96
600.00 28.45 41.77 17.23 59.00 57.25
605.00 32.03 38.79 17.04 55.83 54.64
610.00 33.97 36.78 17.21 54.00 53.27
615.00 34.29 35.68 17.78 53.47 53.19
620.00 33.03 35.38 18.79 54.17 54.32
625.00 30.35 35.97 20.08 56.05 56.66
630.00 26.41 37.11 21.78 58.89 60.00
635.00 21.55 38.57 23.81 62.38 64.07
640.00 16.36 40.05 26.00 66.05 68.38
645.00 11.67 41.14 28.09 69.23 72.22
650.00 8.43 41.42 29.75 71.18 74.83
655.00 7.34 40.87 30.63 71.50 75.75
660.00 8.57 39.43 30.65 70.08 74.81
665.00 11.70 37.20 30.00 67.20 72.28
670.00 15.92 34.58 28.92 63.50 68.81
675.00 20.44 31.91 27.69 59.60 65.07
680.00 24.62 29.46 26.52 55.98 61.57
685.00 28.11 27.35 25.55 52.90 58.61
690.00 30.70 25.64 24.83 50.48 56.34
695.00 32.36 24.34 24.42 48.76 54.81
700.00 33.05 23.41 24.32 47.72 54.03
705.00 32.81 22.79 24.53 47.32 53.96
710.00 31.67 22.47 25.05 47.51 54.56
715.00 29.71 22.37 25.84 48.22 55.76
720.00 27.00 22.46 26.89 49.35 57.48
725.00 23.68 22.67 28.13 50.80 59.58
730.00 19.94 22.98 29.49 52.47 61.95
735.00 16.08 23.46 30.88 54.33 64.59
740.00 12.44 23.82 32.16 55.97 67.00
745.00 9.43 23.96 33.18 57.14 68.85
750.00 7.41 23.79 33.81 57.60 69.88
755.00 6.62 23.29 33.95 57.25 69.91
760.00 7.13 22.47 33.59 56.06 68.92
765.00 8.80 21.38 32.79 54.16 67.02
770.00 11.37 20.11 31.64 51.75 64.45
775.00 14.48 18.78 30.29 49.07 61.52
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Table 8.7 Modeled QE and Responsivity (Ln = 8um, Oxide = 1670nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
780.00 17.80 17.54 28.90 46.45 58.60
785.00 21.05 16.36 27.53 43.89 55.73
790.00 24.03 15.28 26.25 41.53 53.06
795.00 26.61 14.31 25.11 39.42 50.68
800.00 28.72 13.46 24.13 37.59 48.63
805.00 30.31 12.73 23.31 36.04 46.93
810.00 31.38 12.12 22.66 34.78 45.56
815.00 31.93 11.60 22.17 33.77 44.52
820.00 31.97 11.18 21.82 33.01 43.78
825.00 31.52 10.84 21.61 32.45 43.30
830.00 30.64 10.63 21.56 32.19 43.21
835.00 29.31 10.49 21.64 32.12 43.39
840.00 27.59 10.39 21.81 32.20 43.75
845.00 25.50 10.34 22.05 32.39 44.27
850.00 23.11 10.30 22.35 32.65 44.89
855.00 20.51 10.27 22.67 32.94 45.55
Table 8.8 Modeled QE and Responsivity (Ln = 8um, Oxide = 1690nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 19.69 52.43 0.00 52.43 33.92
405.00 32.07 45.31 0.00 45.31 29.68
410.00 41.83 39.66 0.00 39.66 26.30
415.00 43.81 39.05 0.00 39.05 26.21
420.00 38.19 43.59 0.00 43.59 29.61
425.00 26.30 52.75 0.01 52.75 36.26
430.00 15.23 61.38 0.02 61.40 42.71
435.00 15.81 61.56 0.04 61.60 43.34
440.00 26.16 54.50 0.07 54.57 38.84
445.00 35.89 47.79 0.11 47.90 34.48
450.00 40.33 44.98 0.16 45.13 32.85
455.00 39.08 46.41 0.25 46.66 34.34
460.00 32.60 51.80 0.42 52.22 38.85
465.00 22.54 59.86 0.60 60.45 45.47
470.00 13.38 67.28 0.83 68.11 51.78
475.00 11.63 68.96 1.05 70.01 53.79
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Table 8.8 Modeled QE and Responsivity (Ln = 8um, Oxide = 1690nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
480.00 18.17 64.06 1.23 65.29 50.69
485.00 27.32 56.99 1.41 58.40 45.81
490.00 34.28 51.54 1.63 53.17 42.14
495.00 37.46 48.95 1.98 50.93 40.77
500.00 36.84 49.23 2.42 51.66 41.77
505.00 32.62 52.22 3.10 55.31 45.18
510.00 25.41 57.35 4.08 61.44 50.68
515.00 16.98 63.19 5.39 68.58 57.13
520.00 10.69 67.63 6.41 74.04 62.28
525.00 9.81 68.03 7.02 75.04 63.72
530.00 14.49 64.20 7.20 71.40 61.20
535.00 21.77 58.43 7.12 65.55 56.72
540.00 28.57 52.93 7.07 60.01 52.41
545.00 33.36 48.54 7.44 55.98 49.35
550.00 35.60 45.98 8.08 54.06 48.09
555.00 35.31 45.14 9.09 54.23 48.68
560.00 32.62 45.79 10.57 56.36 51.05
565.00 27.81 47.91 12.34 60.26 55.07
570.00 21.50 51.32 14.17 65.49 60.38
575.00 14.93 54.72 16.19 70.92 65.96
580.00 9.92 56.95 18.05 75.00 70.36
585.00 8.20 56.97 19.35 76.32 72.21
590.00 10.25 54.60 19.86 74.46 71.05
595.00 15.06 50.65 19.62 70.27 67.62
600.00 20.89 46.18 19.05 65.23 63.30
605.00 26.31 42.06 18.48 60.53 59.23
610.00 30.50 38.72 18.12 56.84 56.08
615.00 33.15 36.30 18.09 54.39 54.11
620.00 34.19 34.77 18.46 53.23 53.38
625.00 33.70 34.24 19.12 53.36 53.94
630.00 31.72 34.43 20.21 54.63 55.67
635.00 28.42 35.20 21.72 56.92 58.46
640.00 24.02 36.38 23.62 60.00 62.11
645.00 18.98 37.74 25.76 63.50 66.25
650.00 13.98 38.91 27.95 66.86 70.29
655.00 9.90 39.74 29.78 69.52 73.65
660.00 7.59 39.85 30.98 70.83 75.61
665.00 7.52 38.96 31.42 70.38 75.70
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Table 8.8 Modeled QE and Responsivity (Ln = 8um, Oxide = 1690nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
670.00 9.60 37.18 31.10 68.27 73.99
675.00 13.23 34.80 30.20 65.00 70.97
680.00 17.60 32.20 28.99 61.20 67.31
685.00 21.98 29.68 27.72 57.40 63.60
690.00 25.90 27.42 26.56 53.98 60.25
695.00 29.05 25.53 25.61 51.14 57.49
700.00 31.30 24.02 24.95 48.97 55.44
705.00 32.61 22.86 24.60 47.46 54.12
710.00 32.99 22.03 24.57 46.60 53.51
715.00 32.46 21.50 24.83 46.33 53.58
720.00 31.09 21.21 25.38 46.59 54.26
725.00 28.92 21.12 26.20 47.31 55.48
730.00 26.06 21.22 27.23 48.45 57.21
735.00 22.66 21.62 28.46 50.08 59.53
740.00 18.91 22.06 29.78 51.84 62.05
745.00 15.12 22.45 31.10 53.55 64.52
750.00 11.64 22.71 32.26 54.97 66.68
755.00 8.85 22.74 33.14 55.88 68.24
760.00 7.09 22.48 33.61 56.09 68.94
765.00 6.56 21.90 33.59 55.50 68.67
770.00 7.29 21.03 33.10 54.13 67.41
775.00 9.12 19.96 32.19 52.15 65.37
780.00 11.76 18.83 31.02 49.85 62.90
785.00 14.89 17.64 29.68 47.32 60.08
790.00 18.17 16.45 28.28 44.73 57.16
795.00 21.35 15.33 26.91 42.24 54.32
800.00 24.26 14.30 25.64 39.94 51.68
805.00 26.76 13.38 24.50 37.88 49.32
810.00 28.79 12.57 23.52 36.09 47.28
815.00 30.32 11.88 22.69 34.57 45.57
820.00 31.35 11.29 22.02 33.31 44.18
825.00 31.86 10.79 21.50 32.29 43.09
830.00 31.91 10.43 21.17 31.60 42.42
835.00 31.48 10.17 20.97 31.14 42.06
840.00 30.60 9.96 20.90 30.86 41.93
845.00 29.30 9.81 20.93 30.74 42.02
850.00 27.59 9.70 21.05 30.75 42.28
855.00 25.54 9.62 21.23 30.86 42.67
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Table 8.9 Modeled QE and Responsivity (Ln = 8um, Oxide = 1730nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%1
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 32.16 44.29 0.00 44.29 28.65
405.00 18.30 54.49 0.00 54.49 35.70
410.00 19.19 55.10 0.00 55.10 36.54
415.00 31.63 47.52 0.00 47.52 31.90
420.00 40.94 41.65 0.00 41.65 28.30
425.00 42.63 41.06 0.00 41.06 28.23
430.00 37.02 45.61 0.01 45.62 31.73
435.00 25.60 54.40 0.04 54.43 38.30
440.00 14.78 62.90 0.08 62.98 44.82
445.00 14.72 63.58 0.14 63.72 45.86
450.00 24.38 57.00 0.20 57.20 41.63
455.00 34.12 50.18 0.27 50.45 37.13
460.00 39.11 46.79 0.38 47.17 35.09
465.00 38.81 47.29 0.47 47.76 35.92
470.00 33.40 51.73 0.64 52.37 39.81
475.00 24.04 59.28 0.90 60.18 46.23
480.00 14.41 67.01 1.29 68.29 53.02
485.00 10.67 70.04 1.73 71.77 56.30
490.00 15.37 66.36 2.10 68.46 54.26
495.00
. 24.16 59.36 2.40 61.76 49.45
500.00 31.92 53.07 2.61 55.68 45.03
505.00 36.35 49.32 2.92 52.25 42.68
510.00 37.05 48.40 3.45 51.85 42.77
515.00 34.18 50.10 4.28 54.37 45.29
520.00 28.17 54.40 5.15 59.55 50.09
525.00 20.15 60.23 6.21 66.44 56.42
530.00 12.66 65.58 7.35 72.93 62.52
535.00 9.11 67.88 8.27 76.15 65.89
540.00 11.28 65.75 8.79 74.53 65.10
545.00 17.55 60.06 9.20 69.26 61.05
550.00 24.76 53.73 9.44 63.16 56.19
555.00 30.65 48.39 9.74 58.14 52.19
560.00 34.29 44.65 10.31 54.96 49.78
565.00 35.47 42.83 11.04 53.86 49.22
570.00 34.27 42.97 11.87 54.84 50.56
575.00 30.86 44.48 13.16 57.64 53.60
580.00 25.59 47.04 14.91 61.96 58.12
585.00 19.21 50.14 17.03 67.16 63.55
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Table 8.9 Modeled QE and Responsivity (Ln = 8um, Oxide = 1730nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
590.00 13.05 52.89 19.24 72.13 68.84
595.00 8.91 54.32 21.04 75.36 72.52
600.00 8.15 53.62 22.12 75.74 73.50
605.00 10.86 50.87 22.35 73.22 71.65
610.00 15.86 46.88 21.93 68.81 67.89
615.00 21.54 42.60 21.23 63.83 63.50
620.00 26.68 38.74 20.57 59.31 59.48
625.00 30.61 35.84 20.01 55.84 56.45
630.00 33.05 33.76 19.81 53.57 54.59
635.00 33.97 32.46 20.04 52.50 53.92
640.00 33.41 31.89 20.70 52.59 54.44
645.00 31.44 31.93 21.80 53.73 56.06
650.00 28.21 32.48 23.33 55.80 58.67
655.00 23.94 33.55 25.14 58.69 62.17
660.00 19.05 34.91 27.14 62.05 66.23
665.00 14.16 36.17 29.16 65.33 70.27
670.00 10.07 36.98 30.93 67.92 73.60
675.00 7.60 37.06 32.16 69.22 75.57
680.00 7.24 36.25 32.63 68.88 75.76
685.00 8.97 34.63 32.34 66.97 74.20
690.00 12.29 32.46 31.43 63.89 71.31
695.00 16.48 30.06 30.15 60.20 67.68
700.00 20.82 27.68 28.76 56.44 63.90
705.00 24.79 25.51 27.46 52.97 60.40
710.00 28.09 23.65 26.36 50.01 57.43
715.00 30.55 22.11 25.54 47.64 55.10
720.00 32.11 20.89 25.01 45.90 53.45
725.00 32.79 19.97 24.77 44.74 52.46
730.00 32.59 19.35 24.83 44.18 52.16
735.00 31.57 19.13 25.18 44.31 52.67
740.00 29.77 19.10 25.80 44.90 53.74
745.00 27.26 19.24 26.65 45.89 55.30
750.00 24.16 19.49 27.69 47.18 57.23
755.00 20.63 19.80 28.86 48.66 59.42
760.00 16.92 20.10 30.05 50.15 61.65
765.00 13.32 20.32 31.17 51.48 63.70
770.00 10.19 20.38 32.06 52.44 65.31
775.00 7.87 20.23 32.64 52.87 66.27
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Table 8.9 Modeled QE and Responsivity (Ln = 8um, Oxide = 1730nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
780.00 6.63 19.93 32.83 52.76 66.56
785.00 6.59 19.36 32.57 51.93 65.94
790.00 7.72 18.56 31.89 50.45 64.46
795.00 9.80 17.58 30.86 48.45 62.30
800.00 12.56 16.51 29.60 46.11 59.66
805.00 15.67 15.40 28.21 43.61 56.79
810.00 18.87 14.32 26.79 41.12 53.87
815.00 21.92 13.31 25.43 38.74 51.07
820.00 24.67 12.38 24.16 36.55 48.47
825.00 27.03 11.55 23.03 34.58 46.15
830.00 28.95 10.89 22.09 32.97 44.26
835.00 30.40 10.33 21.31 31.63 42.72
840.00 31.36 9.85 20.67 30.53 41.47
845.00 31.84 9.46 20.18 29.63 40.50
850.00 31.86 9.13 19.81 28.94 39.79
855.00 31.42 8.86 19.56 28.42 39.30
Table 8.10 Modeled QE and Responsivity (Ln = 8um, Oxide = 1750nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
400.00 42.95 37.24 0.00 37.24 24.09
405.00 30.25 46.52 0.00 46.52 30.47
410.00 17.08 56.54 0.00 56.54 37.49
415.00 19.07 56.24 0.00 56.25 37.75
420.00 31.63 48.22 0.00 48.22 32.76
425.00 40.56 42.54 0.00 42.55 29.25
430.00 42.15 41.89 0.01 41.91 29.15
435.00 36.58 46.37 0.03 46.40 32.65
440.00 25.29 55.14 0.07 55.21 39.29
445.00 14.53 63.72 0.14 63.86 45.97
450.00 14.14 64.72 0.23 64.95 47.27
455.00 23.48 58.29 0.32 58.60 43.13
460.00 33.27 51.28 0.41 51.70 38.46
465.00 38.65 47.41 0.47 47.89 36.01
470.00 38.70 47.61 0.59 48.20 36.64
475.00 33.73 51.72 0.79 52.50 40.34
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Table 8.10 Modeled QE and Responsivity (Ln = 8um, Oxide =
(continued)
1750nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
480.00 24.75 58.92 1.13 60.05 46.62
485.00 15.01 66.64 1.65 68.28 53.57
490.00 10.41 70.25 2.22 72.48 57.44
495.00 14.13 67.21 2.72 69.93 55.99
500.00 22.66 60.29 2.97 63.25 51.16
505.00 30.71 53.70 3.18 56.88 46.46
510.00 35.66 49.47 3.52 52.99 43.71
515.00 36.98 47.97 4.09 52.07 43.37
520.00 34.76 49.40 4.68 54.08 45.49
525.00 29.37 53.27 5.49 58.77 49.90
530.00 21.71 58.78 6.59 65.38 56.04
535.00 13.92 64.29 7.83 72.12 62.41
540.00 9.29 67.22 8.99 76.21 66.56
545.00 10.14 65.45 10.03 75.49 66.54
550.00 15.61 60.26 10.59 70.85 63.02
555.00 22.76 53.90 10.85 64.76 58.13
560.00 29.06 48.20 11.12 59.33 53.74
565.00 33.32 44.25 11.40 55.65 50.86
570.00 35.20 42.36 11.70 54.06 49.84
575.00 34.72 41.99 12.43 54.42 50.61
580.00 32.03 42.97 13.62 56.60 53.09
585.00 27.38 45.07 15.31 60.37 57.13
590.00 21.33 47.86 17.41 65.26 62.28
595.00 15.02 50.68 19.63 70.31 67.66
600.00 10.01 52.53 21.67 74.20 72.01
605.00 7.91 52.56 23.09 75.64 74.02
610.00 9.33 50.51 23.63 74.14 73.15
615.00 13.55 46.94 23.39 70.34 69.97
620.00 19.06 42.77 22.71 65.47 65.66
625.00 24.49 39.00 21.77 60.77 61.43
630.00 28.94 35.83 21.03 56.86 57.94
635.00 32.03 33.42 20.63 54.05 55.52
640.00 33.62 31.79 20.63 52.42 54.27
645.00 33.74 30.86 21.07 51.93 54.18
650.00 32.45 30.56 21.95 52.51 55.20
655.00 29.85 30.94 23.19 54.13 57.34
660.00 26.11 31.86 24.77 56.63 60.45
665.00 21.54 33.06 26.65 59.71 64.22
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Table 8.10 IVfodeled QE and Responsivity (Ln = 8um, Oxide =
(continued)
1750nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%l
QE
[%1
Responsivity
[V/uJ/cmA2]670.00 16.62 34.29 28.68 62.97 68.24
675.00 12.05 35.27 30.61 65.88 71.93
680.00 8.66 35.70 32.14 67.83 74.61
685.00 7.10 35.34 33.01 68.35 75.73
690.00 7.67 34.17 33.09 67.26 75.06
695.00 10.12 32.34 32.44 64.78 72.83
700.00 13.85 30.12 31.29 61.41 69.53
705.00 18.11 27.78 29.89 57.67 65.77
710.00 22.31 25.55 28.48 54.03 62.04
715.00 26.01 23.55 27.20 50.76 58.70
720.00 28.98 21.86 26.16 48.02 55.92
725.00 31.10 20.47 25.39 45.86 53.78
730.00 32.35 19.42 24.92 44.33 52.35
735.00 32.74 18.80 24.75 43.55 51.77
740.00 32.28 18.42 24.87 43.29 51.82
745.00 31.03 18.24 25.27 43.51 52.43
750.00 29.04 18.24 25.91 44.14 53.55
755.00 26.38 18.36 26.77 45.13 55.11
760.00 23.19 18.58 27.78 46.37 57.00
765.00 19.63 18.84 28.90 47.73 59.06
770.00 15.96 19.07 30.00 49.07 61.11
775.00 12.49 19.22 31.00 50.22 62.95
780.00 9.55 19.30 31.80 51.11 64.48
785.00 7.47 19.18 32.27 51.44 65.32
790.00 6.48 18.80 32.32 51.12 65.33
795.00 6.67 18.19 31.94 50.13 64.46
800.00 7.96 17.38 31.15 48.53 62.79
805.00 10.15 16.41 30.06 46.47 60.50
810.00 12.95 15.37 28.75 44.12 57.80
815.00 16.05 14.31 27.34 41.65 54.90
820.00 19.20 13.28 25.92 39.20 52.00
825.00 22.18 12.32 24.56 36.88 49.21
830.00 24.89 11.51 23.35 34.86 46.80
835.00 27.20 10.80 22.29 33.09 44.69
840.00 29.07 10.18 21.36 31.55 42.86
845.00 30.46 9.65 20.59 30.23 41.32
850.00 31.38 9.19 19.95 29.14 40.06
855.00 | 31.84 8.81 19.44 28.25 39.06
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Table 8.11 Modeled QE and Responsivity(Ln = 8um, Oxide = 1720nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%1
QE
[%]
Responsivity
[V/uJ/cmA2]
400.0 25.27 48.78 0.00 48.78 31.56
405.0 16.68 55.57 0.00 55.57 36.40
410.0 25.14 51.04 0.00 51.04 33.85
415.0 37.27 43.60 0.00 43.60 29.27
420.0 43.00 40.20 0.00 40.20 27.31
425.0 40.97 42.25 0.00 42.25 29.04
430.0 32.01 49.23 0.02 49.25 34.25
435.0 19.54 58.83 0.04 58.87 41.42
440.0 13.23 64.04 0.08 64.12 45.63
445.0 19.35 60.12 0.13 60.26 43.37
450.0 30.17 52.64 0.19 52.82 38.45
455.0 37.68 47.47 0.26 47.73 35.12
460.0 39.77 46.29 0.37 46.66 34.72
465.0 36.64 48.96 0.49 49.45 37.19
470.0 28.78 55.32 0.68 56.00 42.57
475.0 18.52 63.59 0.97 64.55 49.59
480.0 11.38 69.38 1.33 70.71 54.90
485.0 12.58 68.54 1.69 70.24 55.10
490.0 20.42 62.40 1.98 64.38 51.02
495.0 29.08 55.51 2.24 57.75 46.24
500.0 35.06 50.62 2.49 53.12 42.96
505.0 37.32 48.57 2.88 51.45 42.03
510.0 35.88 49.31 3.51 52.82 43.57
515.0 31.02 52.51 4.48 56.99 47.47
520.0 23.54 57.91 5.49 63.39 53.32
525.0 15.38 63.82 6.58 70.41 59.79
530.0 9.91 67.64 7.59 75.23 64.49
535.0 9.91 67.29 8.20 75.48 65.32
540.0 15.00 62.99 8.42 71.40 62.37
545.0 22.25 56.63 8.68 65.31 57.57
550.0 28.83 50.82 8.93 59.74 53.15
555.0 33.35 46.51 9.36 55.87 50.16
560.0 35.41 43.89 10.13 54.02 48.93
565.0 35.02 43.12 11.11 54.24 49.56
570.0 32.32 44.24 12.22 56.46 52.05
575.0 27.59 46.58 13.78 60.36 56.14
580.0 21.42 49.68 15.75 65.43 61.38
585.0 14.96 52.77 17.92 70.69 66.89
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Table 8.11 Modeled QE and Responsivity(Ln = 8um, Oxide =
(continued)
1720nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
590.0 9.95 54.79 19.93 74.71 71.30
595.0 8.03 54.84 21.24 76.08 73.22
600.0 9.77 52.67 21.73 74.40 72.20
605.0 14.29 48.91 21.49 70.40 68.89
610.0 19.96 44.59 20.86 65.45 64.58
615.0 25.39 40.52 20.19 60.71 60.39
620.0 29.71 37.14 19.72 56.86 57.02
625.0 32.59 34.81 19.43 54.25 54.84
630.0 33.93 33.31 19.55 52.87 53.87
635.0 33.75 32.57 20.10 52.68 54.10
640.0 32.13 32.50 21.10 53.60 55.48
645.0 29.18 32.98 22.52 55.50 57.91
650.0 25.11 33.88 24.33 58.21 61.20
655.0 20.29 35.16 26.34 61.50 65.16
660.0 15.30 36.53 28.39 64.92 69.30
665.0 10.93 37.53 30.26 67.79 72.91
670.0 8.02 37.83 31.64 69.47 75.28
675.0 7.17 37.23 32.31 69.54 75.92
680.0 8.49 35.76 32.19 67.96 74.74
685.0 11.56 33.64 31.43 65.07 72.09
690.0 15.65 31.22 30.23 61.45 68.58
695.0 20.03 28.78 28.86 57.64 64.80
700.0 24.13 26.52 27.55 54.08 61.22
705.0 27.59 24.56 26.43 51.00 58.15
710.0 30.22 22.94 25.58 48.52 55.72
715.0 31.95 21.66 25.02 46.68 53.98
720.0 32.78 20.69 24.76 45.45 52.92
725.0 32.72 19.99 24.80 44.78 52.52
730.0 31.81 19.57 25.12 44.69 52.76
735.0 30.11 19.53 25.72 45.25 53.79
740.0 27.69 19.67 26.56 46.23 55.33
745.0 24.64 19.93 27.61 47.54 57.29
750.0 21.14 20.27 28.79 49.06 59.51
755.0 17.41 20.60 30.03 50.63 61.83
760.0 13.75 20.87 31.20 52.06 64.00
765.0 10.53 20.97 32.17 53.14 65.75
770.0 8.09 20.85 32.81 53.66 66.84
775.0 6.72 20.48 33.04 53.53 67.10
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Table 8.11 Modeled QE and Responsivity(Ln = 8
(continued)
um, Oxide = 1720nm)
Wavelength
[nm]
Reflectance
[%]
Ndrift/Nph
[%]
Ndiff/Nph
[%]
QE
[%]
Responsivity
[V/uJ/cmA2]
780.0 6.57 19.94 32.85 52.79 66.60
785.0 7.60 19.15 32.22 51.37 65.23
790.0 9.63 18.17 31.23 49.40 63.13
795.0 12.36 17.08 29.99 47.07 60.53
800.0 15.48 15.96 28.61 44.57 57.67
805.0 18.70 14.85 27.20 42.05 54.75
810.0 21.78 13.81 25.83 39.64 51.94
815.0 24.57 12.86 24.57 37.42 49.33
820.0 26.96 12.01 23.43 35.44 47.00
825.0 28.89 11.26 22.44 33.70 44.97
830.0 30.36 10.67 21.65 32.32 43.38
835.0 31.35 10.19 21.02 31.20 42.14
840.0 31.85 9.78 20.53 30.31 41.18
845.0 31.87 9.45 20.17 29.62 40.49
850.0 31.43 9.19 19.93 29.12 40.03
855.0 30.56 8.98 19.80 28.78 39.79
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9.0 Discussion of Modeling Results
Figures 8.1 through 8.11 are graphs of the simulated radiant reflectance
data contained in tables 8.1 and 8.2. Close comparison of these curves with
19
those published by Huen reveals an almost exact match. The conclusion
drawn from this close matching of results is that the LARISP program
modeling algorithm is functioning correctly.
With the correct operation of the modeling program verified,
simulations of the Kodak L4A photodiode can now be performed. At this point,
however, there still remains two unknown variable inputs to the modeling
program; namely, the minority carrier diffusion length(Ln) and the exact
silicon dioxide thickness of the single exterior layer. This latter variable is
approximated in the device specifications(appendix A), but is not measured
exactly on each imager. In contrast, the value of the minority carrier
diffusion length is not known. Thus appropriate values for both of these
quantities will have to be determined.
Since the modeling program correctly simulated the single layer silicon
dioxide reflectance curves for several different oxide thicknesses, it is noticed
that the modeling program can be used as a thickness measurement tool.
That is, the modeling program can be used to determine the oxide thickness by
running simulations until the correct number of interference peaks and
correct peak positions are obtained. Tables 8.8 through 8.10 contain the
simulation results of several attempts at matching the interference peaks
exhibited in the measured quantum efficiency curve in figure 7.2. These four
curves are graphed together in figure 9.1. Comparison of these curves with the
measured curve in figure 7.2 yields a estimated oxide thickness of 1720 nm.
A similar technique was used to arrive at an estimated value of Ln. Here
several simulations were run until a close match of the longer wavelength
portion of the curve in figure 7.2 was obtained. The results of these
simulations are listed in tables 8.3 through 8.6 and graphed in figure 9.2.
Comparing these results with the curve in figure 7.2 yields an estimated value
for the minority carrier diffusion length of 8.0 um. Using the measured oxide
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Figure 9.1 Modeled Quantum Efficiency for Several
Oxide Thicknesses
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Wavelength [nm]
Figure 9.2 Modeled Quantum Efficiency for Several Ln Values
(Ln = 5, 10, 15, and 20um, Oxide = 1710 nm)
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thickness and estimated diffusion length values mentioned above, a final
modeling program simulation was run, the results of which are listed in table
8.11. Figure 9.3 is a plot of the total modeled quantum efficiency and figure 9.4
Figure 9.3 Modeled Quantum Efficiency
(Ln = 8 um, Oxide = 1720 nm)
"l l | l l l
450 500
i i | i i i i | i i i i | i i i i j i i i i [ i i i
550 600 650 700 750 800 850
Wavelength [nm]
Figure 9.4 Modeled Quantum Efficiency Components
(Ln = 8 um, Oxide = 1720 nm)
350 400 450 500 550 600 650
Wavelength [nm]
700 750 800 850
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is a plot of both the diffusion and drift components of the quantum efficiency.
One can gain some useful insight into the operation and limitations of
the common photodiode from these two graphs. Due to the near transparent
behavior of silicon at longer wavelengths the photodiode operation is limited
to collecting shorter wavelength photons. In addition, the majority of the
longer wavelength contributions to the total quantum efficiency occur as a
results of electron diffusion. Whereas, the preponderance of shorter
wavelength contributions occur as a result of electron drift. One could
increase the number of longer wavelength photogenerated electrons captured
due to drift affects by increasing the depth of the photodiode depletion
region(LD). However, there are practical limitations to the maximum
depletion depth that can be achieved using typical fabrication techniques.
The modeled imager responsivity is graphed below in figure 9.5. Since
responsivity is a linear function of incident wavelength(see equation 2.60),
the increasing amplitude at longer wavelengths is to be expected. Also, the
interference peaking locations should coincide with the quantum efficiency
peaking locations.
Figure 9.5 Modeled Responsivity
(Ln = 8 um, Oxide = 1720 nm)
350 400 450 500 550 600 650
Wavelength [nm]
i i i
800 850
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10.0 Comparison of Modeling and Measurement Results
The measured and modeled quantum efficiency results from tables 6.1
and 8.11, respectively, are plotted below in figure 10.1, and the measured and
modeled responsivity data from the same tables are plotted in figure 10.2. The
Figure 10.1
100
90
Measured and Modeled Quantum Efficiency
80
70
>
o
c
CD 60
O
UJ
50
E 40
3
C
CO
3
30
20
10
"
,
m, M.w...
3 N odeled Q E
easuredOE* h
;
i
.
c
N"
\
'
-l-T-l 1 i ' ' i iiii] i i i
350 400 450 500 550 600 650 700 750 800 850
Wavelength [nm]
two curves shown in figure 10.1 are observed to match very closely, especially
for wavelengths greater than 470 nm. Below 470 nm the modeling program
predicts slightly lower quantum efficiency values. It is also noticed that the
modeling program predicts increased interference peaking.
Once again, the
greatest deviations are seen to occur at shorter wavelengths(higher photon
energies). Both of these deviations are discussed below.
Qualitative observations were made of quantum efficiency curves taken
on imagers with photodiodes ranging in aperture size from 7um x 7um to 15um
x 15um. These curves were gathered on the measurement system described in
section 4.0. It was noticed from these curves that the greatest interference
peaking reduction occurs on the
smaller aperture photodiodes. That is, the
7um x 7um photodiode showed more reduction that did the 15um x 15um diode.
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Based on these findings, the following mechanism is proposed as the cause of
the interference peaking reduction. Figure 10.3 depicts a hypothetical
photodiode with aperture dimensions of X um by X um. In the ideal situation,
only normally incident photons would participate in the constructive/destructive
interference process. However, as depicted in figure 10.3, the topology near
the edges of the photodiode is such that photons traveling in directions other
than normal are now introduced into the interference process. This will most
Figure 10.3 Hypothesized Mechanism for Reduced
Interference Peaking
X
x X X ?
h1 It tl t.
IZ = Ld
Silicon
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certainly cause a reduction in the interference peaking, since the peaking
wavelength for such photons is now different. If the photodiode area is large
relative to the edge area, as in the case of the L4A imager, the interference
reduction should be small. However, for the 7 um x 7 um photodiode this ratio
is much greater, and thus one might expect to see significant reductions in
interference peaking. Hence, it is believed that the non-planar topology the
photodiode is responsible for the interference peaking reduction.
The only parameters available in the electron drift portion of the model
that could be responsible for the reduced quantum efficiency predictions at
short wavelengths are the optical parameters of silicon(table B.3) and silicon
dioxide(table B.l). To cause the reduced quantum efficiency at shorter
wavelengths, the oxide index of refraction would have to be greater than its
reported value or the optical parameters for silicon would have to be less than
there reported values. The index value of 1.47 of silicon dioxide has been noted
by several sources ' * as being reasonably accurate for wavelengths
between 350 nm and 850 nm. It has been observed by these sources that the
index can vary between 1.43 and 1.47 depending on the processing method
used to create the oxide. In no case, however, was an index of greater than 1.47
reported. Thus an increased index value for silicon dioxide is not likely to be
the cause of the quantum efficiency reduction.
Over the wavelength range of interest, the extinction coefficient of
silicon has very little affect on the reflectance when compared to the index of
refraction. If inaccurate silicon optical parameters are the cause of the
quantum efficiency reduction at shorter wavelengths, then the index of
refraction of silicon must be lower than the values reported in appendix B.3.
Phillips21
and Huen both note that the near surface optical parameters of
silicon can vary widely depending of fabrication processing. From the data
presented in figure 10.4, it is seen that the majority of shorter wavelength
photons are absorbed very close to the silicon dioxide-silicon surface. These
curves were generated from equation 2.36 by taking the ratio of desired
fraction of photons absorbed over total amount of photons absorbed; that is,
G(z,X) dz
Fraction of Photons Absorbed (X) =
J*'
Jo
G(z,X) dz
(11.1)
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Solving for the absorption distance yields
1
lnd-X +X-e-^M
att) (11.2)
where 0 <= X <= 1.0 is the fraction of photon absorption at a given wavelength.
Figure 10.4
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As an example, at the 400 nm wavelength 90% of all the photons are absorbed
less than 0.3 um from the silicon surface. From this example, one can visualize
how a small change in near surface optical parameters can result in reduced
photodiode quantum efficiency at shorter wavelengths.
The assumption made in equation 3.6 regarding the simplification of the
intrinsic wave impedance is found to be valid by noting that the maximum
y\ 18
doping concentration within the diode is approximately 1x10 . The
corresponding resistivity of silicon is found to be
0.01 [Ohm-cm] . Inserting
this value into equation 3.6 and assuming an incident wavelength of 850 nm, it
is noticed that the resultant term is insignificant.
Finally, note that figure 10.4 can also be used to verify one
of the
original modeling assumptions; namely,
that the silicon substrate can be
treated as a semi-infinite medium. Viewing the 90% absorption curve at the
maximum modeling frequency of 850 nm reveals an
absorption distance of
approximately 40 um. Since the
typical silicon wafer thickness is
approximately 500 um, the
semi-infinite assumption is valid.
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11.0 Conclusion
A model for predicting the quantum efficiency and responsivity of
front illuminated solid state photodiodes has been developed and implemented
into a computer software program. A system capable of performing quantum
efficiency and responsivity measurements on a wide range of imaging sensors
was constructed, and then used to measure quantum efficiency and
responsivity on a Kodak L4A linear sensor. The modeling program simulation
results are in very good agreement with measured values and previously
published data. The model developed is accurate for incident wavelengths
between 350 and 850 nm. At wavelengths below 350nm, photons are absorbed
very close to the silicon dioxide-silicon interface. This interface often
contains an increased concentration of traps, and the optical parameters at
this interface have been observed to vary widely as a function of fabrication
processing; thus, the photogenerated electrons generated in close proximity to
the oxide-silicon interface may not be collected in the photodiode space-
charge region. At wavelengths greater than 850 nm, photons can reflect off
the backside of the silicon wafer. Since the silicon wafer is presently treated
as a semi-infinite medium, this new phenomenon would cause the model to
produce inaccurate results. However, the modeling program could easily be
modified to handle this new situation by treating the silicon wafer as a
separate processing layer. In addition to the program alterations, the optical
parameters of all backside layers would have to be known. The peak-to-peak
variations in quantum efficiency versus wavelength are measured to be
slightly less than modeling program predictions This anomaly is believed to
be a result of the silicon-dioxide surface topology influences on interference
peaking. Qualitative observations were made of quantum efficiency curves
measured on imagers with photodiode apertures of 7um x 7um, 9um x 9um,
15um x 15um, and 30um x 30um. As predicted by this explanation, the smaller
aperture photodiodes showed the most significant reduction in interference
peaking and the larger aperture photodiodes showed the
least peaking
reduction. If this mechanism is indeed responsible for the peaking reduction,
one should be able to induce the peaking reduction on larger area photodiodes
by illuminating the diodes with less specular light. That is, light with a wider
angle of incidence. This experiment was not attempted.
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Appendix A Solid State Photodiode Specifications
The device used to model quantum efficiency and responsivity was a
Kodak L4A Tri-Linear Sensor with serial number LS-092. Relevant physical
and electrical parameters are listed in tables A.l and A.2.
Table A.l Kodak L4A Physical Specifications22
Parameter Value Units
Photodiode Area (Xr)xYD) 900 umA2
Photodiode Depth (LD)23 2.2 u m
Charge-to-Voltage Factor 2.5 to 4.0 uV/e-
CCD Frequency 0.1 to 30 MHz
Photodiode Type Continuously Drained
"Pinned" Diode
24
Photodiode Exterior
Layers
(1) Silicon Dioxide -2.10 [um]
Table A.2 Kodak L4A Electrical Specifications
22
Signal Value Units
Vrd +12.0 Volts
Vlod +3.0 Volts
Vog +5.0 Volts
Vdd + 15.0 Volts
PHIRlow 0.0 Volts
PHIRHieh +10.0 Volts
PHI1 & PHI2Low 0.0 Volts
PHI1 & PHI2Hieh +10.0 Volts
T-JLow -2.0 Volts
TGHieh +8.0 Volts
VSh 0.0 Volts
Vss +0.70 Volts
VSG&VIG -15.0 Volts
ID +15.0 Volts
Iout Bias Current 6.0 mA
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Appendix B Optical Data
The index of refraction and extinction coefficient data required to
perform the quantum efficiency and responsivity calculations are tabulated
below. Graphs are included for the cases where parameters vary with
wavelength.
Table B.l Optical Data for Silicon Dioxide(Si02) 10
Wavelength [nm] N' N"
350 to 850 1.47 0.0
Table B.2 Optical Data for Silicon Nitride(Si3N4)
25
Wavelength [nml N1 N"
350 to 850 1.98 0.0
Table B.3 Optical Data for Single Crystalline Silicon1 9,30>31
Wavelength [nml N' N"
375 6.100 0.8300
387 5.600 0.5000
400 5.240 0.2300
413 4.950 0.2000
427 4.750 0.1300
443 4.600 0.1000
459 4.420 0.0800
477 4.300 0.0700
496 4.180 0.0560
516 4.100 0.0450
539 4.010 0.0400
563 3.950 0.0300
590 3.880 0.0250
620 3.820 0.0200
652 3.770 0.0150
688 3.720 0.0120
729 3.680 0.0093
774 3.640 0.0068
826 3.600 0.0046
885 3.590 0.0028
953 3.570 0.0000
1033 3.550 0.0000
1126 3.530 0.0000
1239 3.520 0.0000
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Table B.4 Optical Data for Polycrystalline Silicon26,29
Wavelength [nml N' N"
400 5.51 0.4526
425 5.09 0.2483
450 4.76 0.1491
475 4.50 0.1045
500 4.31 0.0810
525 4.17 0.0647
550 4.06 0.0524
575 3.98 0.0431
600 3.92 0.0361
625 3.86 0.0306
650 3.81 0.0264
675 3.76 0.0232
700 3.72 0.0206
750 3.65 0.0171
800 3.60 0.0151
850 3.55 0.0142
Figure B.3
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Table B.5 Optical Data for Amorphous Silicon27
Wavelength rnm] N- N"
385 4.38 2.47
400 4.48 2.27
417 4.59 2.02
435 4.68 1.81
454 4.72 1.54
476 4.76 1.32
500 4.74 1.05
526 4.72 0.86
556 4.66 0.66
588 4.60 0.49
625 4.55 0.37
667 4.50 0.30
714 4.39 0.25
769 4.26 0.20
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Appendix C Light Absorption Modeling Program
What follows is a listing of the software program used to generate the
modeling results presented in this study. The program is written in the
28
standard 'C programming language as defined by Kernighan and Richie
A listing of all the data files used by the software program follows the program
listing.
C.l 'LARISP' Program Listing
/*** *******
/* "LARISP"
/*
I* Purpose: LARISP (Light Absorption and Reflection In Solid State
/* Photodiodes) is a program which models monochromatic light
/* absorption and reflection in solid state photodiodes. The
/* photodiodes modeled must have been physically fabricated at
/* the top of the silicon wafer(as opposed to back side of wafer).
/* Thus, it is assumed that under normal operation light strikes
/* the top of the wafer, which is also the top of the photodiode.
/* The wavelength of incident light is restricted to the range
/* 350nm to 850nm, so that certain physical simplifications can
/* be made. For details, see "Modeling of Light Absorption in
/* Solid State
Photdiodes," MS Thesis of Robert H. Philbrick,
/* Rochester Institute of Technology, 1 989.
/* LARISP allows the user to define and edit a file which
/* describes the particular parameters of a photodiode. The
/* description includes a list of all materials used to fabricate
/* the device and the thickness of each layer. This device file
/* is stored in the local directory 'LAdevice*. Optical data for
/* each possible material is stored in a separate file in the
/* local directory 'LAdata'. Addition materials can be added by
/*
creating an ASCII file using the appropiate file
format. The
/* correct file format for the optical data can be obtained by
/*
viewing the format of an already existing file.
/. LARISP is written in standard C, as defined by Kernighan &
/* Richie, on an HP9000/330 computer. In an effort not to
cloud
/* the main software purpose, only a minimum user
interface
/ * has been included. .
/* All optical data read into LARISP is stored within the
/* structure 'media'. A list of all the materials for which there
/* is optical data is contained in the file 'LAMediaUsf.
These
/* names must equal the file name given the optical data
/* in the directory 'LAdata'. For example, if an
optical data file
/* for the material silicon is added to
'LAdata'
and is given the
/* 'silicon', then the entry
'silicon'
should be added to the file
/* 'LAMediaUsf. 'LAMediaUsf must contain only one
filename
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per record or line.
Commands entered from LARISP prompts are not case sensitive.
* Addition software required to run LARISP:
1) directory './LAdata' for optical data files which
contain N' and N" data as a function of wavelength.
2) directory './LAdevice' for device definition files
3) directory './LAfiles' for storing simulation files
4) optical data files for be placed in './LAdata'
* To compile program, enter "cc LARISP.c -Im -o LARISP". This
will compile the source code LARISP.c and link it with the c
math library(m).
* To run the LARISP program, enter "LARISP" <RETURN>.
* Written by.
* Date of first edit:
* Date of last edit.:
*
* Software Version..: 1.0
************
Rob Philbrick, Rochester Institute of Technology
& Eastman Kodak Company.
January 15,1989.
December 22, 1989 -
* * * * ****** * * * * ***********<
r
#include <stdio.h>
#include <math.h>
#define MaxNumPts 50
#define MaxNumLayers 50
#define MaxNumMedia 50
#define MaxNumDataPts 300
#define true 1
#define false 0
#define PI M PI
#define HC 1.98647E-25
#define Silicon 0
#define Air 1
#define Dwaf 0.001
typedef unsigned char Boolean;
typedef struct
double WL;
double n;
double k;
} MediaRec;
typedef MediaRec MediaType[MaxNumPts];
typedef struct
Include standard c libraries *
/* Standard c IO definitions *
/* Standard c math definitions *
/* Declare program constants: *
* Maximum # of WL dependent data pts*
/* Maximum # of Fabricated layers *
* Maximum # of materials used in fab *
/* Maximum # of modeling data points
*
/* Logical true *
/* Logical false *
/* Define PI - this is in math.h *
/* hc = E * WL [Joules - Meter] *
/* Media[0] is always Silicon
*
/* Media[1] is always Air
*
/* Thichness of Si wafer [m] *
/* Declare global data types *
/* Logical type: 0 = false, 1 = true *
/* Material data point *
/* Wavelength for n and k *
/* Index of refraction (N') *
/* Extinction coefficient (N")
*
/* Array of MediaRec
'
/* Complex number type
*
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{
double r;
double i;
} Complex;
typedef struct
{
int type;
double d;
double n;
double k;
} LParmType;
typedef char
int
int
char
char
double
double
double
double
double
double
double
double
LParmType
MediaNameType[40];
numLayers;
numMedia;
response[80];
filename[80];
WL;
startWL;
finishWL;
incrWL;
Ln;
Ld;
diodeArea;
chargeToVoltage;
Lparm[MaxNumLayers];
MediaType media[MaxNumMedia];
/* Real part of complex number *
/*
Imaginary part of complex number *
Layer parameters at present wavelength*
/* Material type(i.e. Si, or Si02)
/* Thickness of layer in meters
/* Index of Refraction of layer at
/*
present wavelength.
/* Extinction Coefficient of layer
/*
at present wavelength.
/* Declare global data objects
/* Number of layers for device
/* Number of media supported
/* User response string to prompts
I* String for filenames
/* Present wavelength in meters
/* Starting Wavelength in meters
/* Finishing Wavelength in meters
/* Wavelength stepping increment [m]
/*
Minority carrier diffusion length
/* Length of space-charge region
/* Photodiode area
/* Sensor's dV/dQ factor
/* Optical parameters in all layers*
/* Note: Parm[0] is Silicon substrate
/* Array of storage arrays
/* Media[0] is Silicon. Media[i+1]
MediaNameType
MediaNameType
*******
float
float
float
float
float
float
float
int
I
/*
/*
/* Purpose:
/*
r
/********
int main ()
{
/* is always air(N' = 1.0.N" = 0.0).
mediaName[MaxNumMedia];
/* Array of media names
mediaFilename[MaxNumMedia];
/* Array of filenames
X1[MaxNumDataPts];
Y1[MaxNumDataPtsj;
Y2[MaxNumDataPtsj;
Y3[MaxNumDataPtsj;
Y4[MaxNumDataPtsj;
Y5[MaxNumDataPtsj;
Y6[MaxNumDataPtsj;
alpts;
***********.*.
main
/* X data array for graphing(WL
data)'
/* Y data array for graphing.
'
/* Radiant Reflectance storage array
'
/* Ndrift/Nph storage array
'
/* Ndiffusion/Nph storage array
'
/* QE storage array
/* Responsivity storage array
'
/* Number of data pts in 'Y arrays.
*********** ******** *******
This is the main program loop. Main initializes the pointers
to media and loads in all available optical data.
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extern Boolean LookFor();
extern LParmType Lparm[MaxNumLayers];
J
Ld;
Ln;
diodeArea;
chargeToVoltage;
response^;
rlndex;
extern double
extern double
extern double
extern double
extern char
int mlndex,
Ln = 8.0E-6;
Ld = 2.2E-6;
diodeArea = 900E-12;
chargeToVoltage = 3.2E-6;
");
/* Default minority carrier diffusion length[m] 7/* Default photodiode space-charge depth [m] 7
/* Default photodiode aperature area [mA2] 7
/* Default sensor dV/dQ value [Volts/Electron] 7
/* Load all material data into memory 7
/* Main Program Loop 7
printffLoading optical data
fflush(stdout);
LoadMediaOpticalData();
printf("finished.\n\n");
Lparm[0].type = Silicon;
Lparm[0].d = Dwaf;
Lparm[1].type = Air;
while (1)
{
printf( Light Absoption and Refection in Solid State ");
printf("Photodiodes ****\n\n");
printf("Program Commands:\n");
printf(" LOAD --> Load a Device DescriptionAn");
printff EDIT --> Edit a Device DescriptionAn");
printf
(" GO --> Begin Light Absorption AnalysisAn");
printfj" SHOW --> Dislay Light Absorption ResultsAn");
printfj" FILE --> Save Light Absorption Results in a fileAn");
printfj" EX --> Exit Program.\n\n");
while (1)
{
printf("Enter a command > ");
gets(response);
LowerCase(response) ;
if (strlen(response) > 0)
break;
}
if (LookFor(response,"load"))
LoadDevice();
if (LookFor(response,"edif))
EditDevice();
if (LookFor(response,"go"))
AnalyzeDevice();
if (LookFor(response,"showM))
ShowData();
if (LookFor(response,"file"))
FileDataj);
if (LookFor(response,"ex"))
/* Process command 7
/* Perform LOAD function 7
/* Perform EDIT function 7
/* Perform GO function 7
/* Display data to screen*/
/* Store data in file 7
/* Exit program? 7
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{
printf("\n\n\7Are you sure you wish to exit? ");
gets(response);
LowerCase(response);
if (response[0] == 'y')
break;
}
} /* Main Program Loop 7
return 0;
}
/******* *** .*..*.****.....
/* LoadDevice
r
/* Purpose: This function will load in a previously saved device
/* description file from 'LAdevices' directory.
r
.******.***.**********.******************.****************
int LoadDeviceO
{
extern int numLayers;
extern double Ld;
extern double Ln;
extern double diodeArea;
extern double chargeToVoltage;
extern char responseQ;
extern char filenamefj;
int status;
char command[80], readString[80];
char *rp;
FILE *fp, *fopen();
/* List LAdevices directory and prompt for filename 7
printf("\nAvailable Device FilesAn");
sprintf(command,"ls LAdevices\n");
status = system(command);
printf("\nWhich device file do you wish to load? ");
gets(response);
LowerCase(response);
if (strlen(response) < 1)
return;
sprintf(filename,"LAdevices/%s",response);
if ((fp = fopen(filename.V)) == NULL)
printf("\7\nUnable to find file '%s'.\n",filename);
return;
fg}ets(readString,80,fP);
line is header' s0 ignore U V
fgets(readString,80,fp);
%lf'&Ldl&Ln):
r Skip additional header record 7fgets(readStnng,80,fp); ' v r L 0 ,s Silicon */
numLayers = 0;
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Lparm[Silicon].type = Silicon;
Lparm[Silicon].d = Dwaf;
while (1)
{
if ((rp = fgets(readString,80,fp)) == NULL)
break;
numl_ayers++; /* Parse out layer type and thickness 7
sscanf(readString,"%d %lf",&(Lparm[numLayers].type),
&(Lparm[numLayers].d));
}
Lparm[numLayers+1].type = Air;
fclose(fp);
return;
EditDevice
Purpose: This function will edit and/or save a device description
file.
int EditDevice()
{
extern int numLayers;
extern double Ld;
extern double Ln;
extern double diodeArea;
extern double chargeToVoltage;
extern char response[];
extern char filename[];
int itemp, alndex, layer;
double dtemp;
FILE *fp, *fopen();
while (1)
printf("\n Ld = %5.2lf [um] , Ln = %5.2lf [um] , ",Ld/1E-6,Ln/1E-6);
printf("Area = %4.2IE [mA2] , VQ = %5.2lf [uV/e]\n\n",
diodeArea,chargeToVoltage*1E+6);
printf(" Layer | Layer Thickness[nm] | Layer Type\n");
printf
(" I I "):
printf(" \n");
for (layer = 1 ; layer <= numLayers; layer++)
printf("%3d | %7.1lf | (%d) %s\n",
layer,Lparm[layer].d/1 E-9,
Lparm[layer].type, mediaName[Lparm[layer].type]);
printf
(" I I ""'
printff \n");
printf("\nM); ,,,.,
printf("Commands: Ln, Ld, Add, Alter, List, Save, Help\n\n );
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printf("Enter a command > ");
gets(response);
LowerCase(response);
if (strlen(response) < 1)
return;
if (LookFor(response,"ln")) /* search for LN command 7
printf("What is the new minority carrier diffusion length[um]? ");
gets(response);
sscanf(response,"%lf",&dtemp);
if (dtemp >= 0)
Ln = dtemp* 1 E-6;
}
if (LookFor(response,"ld")) /* Search for LD command 7
{
printf("What is the photodiode space-charge depth[um]? ");
gets(response);
sscanf(response,"%lf",&dtemp);
if (dtemp >= 0)
Ld = dtemp*1 E-6;
}
if (LookFor(response,"area")) /* Search for AREA command 7
{
printf("What is the sensor's photodiode area[m/v2]? ");
gets(response);
sscanf(response,"%lf",&dtemp);
if (dtemp >= 0)
diodeArea = dtemp;
}
if (LookFor(response,"vq"))
/* Search for VQ command 7
{
printffWhat is the sensor's Charge-to-Voltage factor[uV/e]? ");
gets(response);
sscanf(response,"%lf",&dtemp);
if (dtemp >= 0)
chargeToVoltage = dtemp/1E+6;
/* Save as [V/e] 7
if (LookFor(response,"add"))
/* Search for ADD command 7
printffWhat is the media type of layer %d? ",numLayers+1);
gets(response);
sscanf(response,"%dM,&itemp);
if (strlen(response) > 0)
if ((itemp >= 0) && (itemp <= numMedia))
{
numLayers++;
Lparm[numLayers].type = itemp;
printffWhat is the thickness of layer %d [nm]? ".numLayers);
gets(response);
sscanf(response,"%lf",&dtemp);
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if (dtemp > 0)
Lparm[numLayers].d = dtemp*1 E-9*
^
Lparm[numLayers+1].type = Air; /* Outer layer always Air 7
}
}
if (LookFor(response,"alter")) r Searcn for A|_TER command y
itemp = 0;
printffWhat layer do you wish to alter? ");
gets(response);
sscanf(response,"%d",&itemp);
if ((itemp >= 1) && (itemp <= numLayers))
layer = itemp;
printffWhat is the layer type (<RETURN> = no chanqe)? ")-
itemp = -1;
a "
gets(response);
if (strlen(response) > 0)
sscanf(response,"%d",&itemp);
if ((itemp >= 0) && (itemp <= numMedia))
Lparm[layer].type = itemp;
printffWhat is the new layer thickness[nm] ");
printff(<RETURN> = no change)? ");
dtemp = 0.0;
gets(response);
sscanf(response,"%lf",&dtemp);
if (strlen(response) > 0)
if (dtemp > 0)
Lparm[layer].d = dtemp*1E-9;
}
}
}
if (LookFor(response,"help")) /* Search for HELP command 7
{
printff\n\n");
printffLn -> Change current minority carrier diffusion length\n");
printffLd -> Change current photodiode space-charge depth\n");
printffAdd -> Append a layer to device description^");
printffAlter -> Alter values in a particular layer\n");
printffList -> List all available media types\n");
printffSave -> Save present device description in file\n\n");
}
if (LookFor(response,"listM))
I* Search for LIST command 7
{
printf("\n");
printffList of Available Media:\n\n");
printffMedia Number | Media Type ");
printff | Media Filename \n");
printff I "):
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printfC-| \n");for (alndex = 0; alndex <= numMedia; alndex++)printf(" %3d %30s %s\n",alndex,mediaName[alndex]
mediaFilename[alndexl);
printf("\n\n");
}
if (LookFor(response,"save")) /* Search for SAVE command 7
,:,., , .
r Save simulation results in LAdevices*/
pnntf( \nUnder what filename should this data be saved under' ")
gets(response);
'
LowerCase(response) ;
if (strlen(response) > 0)
sprintf(filename,"LAdevices/%s",response);
if ((fp = fopen(filename,"w")) == NULL)
printff\7Unable to create file!");
return;
}
fprintf(fp,"Depletion Depth[um] Diffusion Length[um]\n");
fprintf(fp," %5.2lf %5.2lf\n",Ld/1E-6,Ln/1E-6);
fprintf(fp,"Layer Type Layer Thickness[nm]\nM);
for (alndex = 1 ; alndex <= numLayers; alndex++)
fprintf(fp," %d %lf\n",Lparm[alndex].type,
Lparm[alndex].d);
fclose(fp);
}
else
printff\7");
}
}
" AnalyzeDevice *
k *
' Purpose: This function performs the calculations to analyze the
photodiode's optical performance.
*******************..*****....**.*.****.******************.
int AnalyzeDevice()
extern int numLayers;
/* Num of layers on Silicon surface 7
extern float X1[], Y2[], Y3[], Y4[], Y5D, Y6[];
extern double Ln;
extern double Ld;
extern double diodeArea;
extern double startWL, finishWL;
extern double incrWL;
extern double chargeToVoltage;
extern char responsefj;
int layer;
I* Present layer index 7
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int
double
pt;
QE;
double
double
double
Responsivity;
RadiantReflectance;
Ndrift;
double Ndiff;
double Et;
double Er;
double
double
Complex
Complex
Complex
Complex
dtemp;
alpha;
nEplus;
nEneg;
mEplus;
mEneg;
/*
Temporary index counter 7
/* Quantum Efficiency at present WL 7
/* Sensor responsivity at WL 7/* Outermost layer optical reflectnce*/
/* # of electrons captured due to 7
/* induced electric field 7
/* # of electrons captured due to 7
/*
random thermal motion 7
/*
Temporary double variable 7
/* Absorption coeffficient at WL 7
/* Value of E+ in layer 7
/* Value of E- in new layer 7
/* Value of E+ in old layer 7
/* Value of E- in old layer 7
printffWhat is the starting wavelength [nm](default = 400)? ");
gets(response);
if (strlen(response) == 0)
dtemp = 400;
else
sscanf(response,"%le",&dtemp);
if ((dtemp >= 350) && (dtemp <= 850))
startWL = dtemp * 1E-9;
printf("\nWhat is the finishing wavelength [nm](default = 850)? ");
gets(response);
if (strlen(response) == 0)
dtemp = 850;
else
sscanf(response,"%le",&dtemp) ;
if ((dtemp >= 350) && (dtemp <= 850))
finishWL = dtemp * 1E-9;
printf("\nWhat is the wavelength stepping increment [nm](default = 5)? ");
gets(response);
if (strlen(response) == 0)
dtemp = 5;
else
sscanf(response,"%le",&dtemp) ;
if ((dtemp >= 350) && (dtemp <= 850))
incrWL = dtemp * 1 E-9;
pt= 1;
WL = startWL;
while (WL <= finishWL + incrWL)
{
UpdateLayers();
alpha = 4 * PI * Lparm[0].k / WL;
/* Start main calculation loop 7
/* Update
'layers'
with current WL data 7
/* Calculation absorption coefficient 7
/*
alpha in silicon 7
/* Initialize starting E field values 7
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lnitEFields(&mEplus,&mEneg,&nEplus,&nEneg);
Refract(&mEP.us,&mEneg,&nEp.us,&nEneg, Silicon, []; R** '^ """ ,ayer *'
/* Translate and Refract through all 7
/* layers to reach the surface (Ein). 7
,
_
. ,
/* Recall numLayers+1 is Air(N'=1 N"=0) 7for (layer = 1; layer <= numLayers; layer++)
;'
Translate(&mEplus,&mEneg,&nEplus,&nEneg, layer)-
Refract(&mEplus,&mEneg,&nEplus,&nEneg, layer, layer+1);
ct /c~i . ^ , ,
r Find va,ue for incident E field 7Et = (nEplus.rnEplus.r) + (nEplus.i*nEplus.i);
Er = (nEneg.r *nEneg.r) + (nEneg.i 'nEneg.i);
D .. 40 .
I* Calculate surface reflection 7
RadiantReflectance = 100 * Er / Et;
...... .
/* Calculate the % Ndrift/Nph 7
Ndnft = 100 3.420526 / Et * (1 - exp(-alpha*Ld));
klJ.
/* Calculate the % Ndiff/Nph 7
Ndiff = 100 * 3.420526 / Et * alpha / (alpha+1/Ln) * exp(-alpha*Ld);
/* Calculate Quantum Efficiency 7
QE = Ndrift + Ndiff;
J
I* Calculate Responsivity [V/uJ/cmA2] 7
Responsivity = 0.0001 * QE * chargeToVoltage * diodeArea * WL / HC;
Y2[pt] = (float) RadiantReflectance; /* Store data in arrays 7
Y3[pt] = (float) Ndrift;
Y4[pt] = (float) Ndiff;
Y5[pt] = (float) QE;
Y6[pt] = (float) Responsivity;
X1[pt] = (float) WL71E-9;
WL += incrWL;
pt++;
} /* end of while () 7
alpts = pt-1;
return;
} /* end of main() *
/***********************************************************
/* ShowData
/*
/* Purpose: This function display to the screen the results of the
/* latest absorption analysis.
/*
/*************************.**************.**.**.......*..
int ShowData()
{
extern int alpts;
extern float X1[], Y2[], Y3[], Y4[], Y5[], Y6[];
int plndex;
/* Print data heading*/
printff RadianfvT);
printffWavelength | Reflectance | Ndrift/Nph |");
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printf
(" Ndiff/Nph | QE | Responsivity \n");
printff [nm] | [%%] | [%%] |);
printff [%%] | [%%] | [V/uJ/cmA2]\n");
printf
("
| | |);
printf
("
| | \n");
for (plndex = 1; plndex <= alpts; plndex++)
{
printff %4.0lf ",X1 [plndex]);
printf("%5.2lf ",Y2[plndex]);
printf("%5.2lf ",Y3[plndex]);
printf("%5.2lf ",Y4[plndex]);
printf("%5.2lf B,Y5[plndex]);
printff%5.2lf\n",Y6[plndex]);
}
return;
FileData
Purpose: This function write the present analysis results to the
specified file.
int FileDataO
{
extern int alpts;
extern float X1[], Y2[], Y3[], Y4[], Y5[], Y6[];
extern char response.];
int plndex;
char filename[80];
FILE *fp, *fopen();
printffWhat filename should data be saved under? ");
gets(response);
if (strlen(response) == 0)
return;
sprintf(filename,MLAfiles/%s\0", response);
if ((fp = fopen(filename,"w")) == NULL)
printff\7Unable to save filel\n");
printffPress <RETURN> to continue > ");
gets(response);
fclose(fp);
return;
} /* Print data heading*/
fprintf(fp," Radiant\n");
fprintf(fp,"Wavelength | Reflectance | Ndrift/Nph | );
fprintf(fp," Ndiff/Nph | QE | Responsivity \n");
fprintf(fp," [nm] | [%%] I [%%] ."):
fprintf(fp," [%%] | [%%] I [V/uJ/cm*2]\n );
fprintf (fp," I I ' >'
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fprintf (fp." | | \n);
for (plndex = 1; plndex <= alpts; plndex++)
{
fprintf(fp," %4.0lf ",X1 [plndex]);
fprintf(fp."%5.2lf \Y2[plndex]);
fprintf(fp,"%5.2lf ",Y3[plndex]);
fprintf(fp,"%5.2lf ",Y4[plndex]);
fprintf(fp,"%5.2lf ",Y5[plndex]);
fprintf(fp,"%5.2lf\n",Y6[plndex]);
}
fclose(fp);
return;
}
/ ...*..**..*.......... *.. .**.*..*../
/* UpdateLayers 7
/* * /
/* Purpose: This function updates all the optical data in each layer * /
/* based on the present optical wavelength. * /
/* 7
j***********************************************************/
int UpdateLayers()
{
extern MediaType media[MaxNumMedia];
extern int numLayers;
extern double WL;
int mediaWLpts;
/* Num. of media WL points 7
int layerType;
int layer;
/* Media layer index 7
int intPt;
/* Starting linear interpolation point in media array 7
double d1,d2;
for (layer = 0; layer <= numLayers+1; layer++)
{
layerType = Lparm[layer].type;
mediaWLpts = (int) media[layerType][0].WL;
if ((mediaWLpts == 1) || (WL <= media[layerType][1].WL))
r
" /*
n & k not WL dependent 7
Lparm[layer].n = media[layerType][1].n;
Lparm[layer].k = media[layerType][1].k;
}
GlS6
r
/* Use closest max. values for n & k 7
if (WL >= media[layerType][mediaWLpts].WL)
Lparm[layer].n = media[layerType][mediaWLpts].n;
Lparm[layer].k = media[layerType][mediaWLpts].k;
}
e,Se
/* Perform linear interpolation to find n & k 7
intPt - 1 ;
while (WL > media[layerType][intPt].WL)
intPt++;
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intPt--;
d1 = (WL-media[layerType][intPt].WL)/
(media[layerType][intPt+1].WL-media[layerType][intPt].WL);
d2 = (media[layerType][intPt+1].n-media[layerType][intPt].n);
Lparm[layer].n = d1 * d2 + media[layerType][intPt].n;
d2 = (media[layerType][intPt+1].k-media[layerType][intPt].k);
Lparm[layer].k = d1 * d2 + media[layerType][intPt].k;
}
} /* end for loop 7
return;
Refract
Purpose: This function performs the electric field refraction
calculation from layer m to layer n. Refraction is performed
in the minus Z direction.
Passed Variables: mEplus = Ptr to complex E+ electric field in m
mEneg = Ptr to complex E- electric field in m
nEplus = Ptr to complex E+ electric field in n
nEneg = Ptr to complex E- electric filed in n
mLayer = Layer number of media m
mLayer = Layer number of media n
***********<
int Refract( mEplus, mEneg, nEplus, nEneg, mLayer, nLayer)
Complex "mEplus, *mEneg;
Complex 'nEplus, *nEneg;
int mLayer, nLayer;
{
Complex R;
/* Complex refraction 7
Complex T;
/* Complex transmittance 7
Complex Tcoef;
/* T coefficient in E matrix 7
Complex Rcoef;
/* R coefficient in E matrix 7
/* Notation: N' is index of refraction and
N" is extinction coefficient 7
double N2.K2; r
(N' * N') and (N" * N") 7
double NpN.NnN;
/* (Nn'
+ Nm') and (Nn' - Nm') 7
double KpK.KnK;
/* (Nn"
+ Nm") and (Nn" - Nm") 7
double Tmag;
/* Magnitude of complex T 7
extern LParmType Lparm[];
/* Perform intermediate calcs. 7
N2 = (Lparm[nLayer].n+Lparm[mLayer].n)
*
(Lparm[nLayer].n+Lparm[mLayer].n);
K2 = (Lparm[nLayer].k+Lparm[mLayer].k)
*
(Lparm[nLayer].k+Lparm[mLayer].k);
NpN = Lparm[nLayer].n + Lparm[mLayer].n;
NnN = Lparm[nLayer].n Lparm[mLayer].n;
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KpK = Lparm[nLayer].k + Lparm[mLayer].k;
KnK = Lparm[nLayer].k - Lparm[mLayer].k;
,.,...
/* Calculate Reflectance 7
R.r = ((NpN NnN) + (KpK * KnK)) / (N2 + K2);
R.i = ((NnN * KpK) - (NpN * KnK)) / (N2 + K2);
/* Calculate Transmittance 7
T.r = 2*((NpN * Lparm[nLayer].n) + (KpK * Lparm[nLayer].k)) / (N2 + K2);
T.i = 2*((KpK * Lparm[nLayer].n) - (NpN * Lparm[nLayer].k)) / (N2 + K2);
Tmag = (T.r*T.r) + (T.i*T.i);
Tcoef.r = T.r / Tmag;
Tcoef.i = -T.i / Tmag;
Rcoef.r = (R.r*T.r + R.i*T.i) / Tmag;
Rcoef.i = (R.i*T.r - R.r*T.i) / Tmag;
/* Perform E field refraction 7
nEplus->r = Tcoef.r * mEplus->r - Tcoef.i * mEplus->i + Rcoef.r *
mEneg->r - Rcoef.i * mEneg->i;
nEplus->i = Tcoef.i * mEplus->r + Tcoef.r * mEplus->i + Rcoef.i *
mEneg->r + Rcoef.r * mEneg->i;
nEneg->r = Rcoef.r * mEplus->r - Rcoef.i * mEplus->i + Tcoef.r *
mEneg->r-Tcoef.i
*
mEneg->i;
nEneg->i = Rcoef.i * mEplus->r + Rcoef.r * mEplus->i + Tcoef.i *
mEneg->r + Tcoef.r * mEneg->i;
mEplus->r = nEplus->r;
mEplus->i = nEplus->i;
mEneg->r = nEneg->r;
mEneg->i = nEneg->i;
return;
/* Complete refraction by updating old fields 7
Translate
Purpose: This function performs the electric field translation
within a particular layer. Translation is performed in
minus Z direction(from bottom of layer to top of layer).
Passed Variables: mEplus = Ptr to complex E+ electric field in m
mEneg = Ptr to complex E- electric field in m
nEplus = Ptr to complex E+ electric field in n
nEneg = Ptr to complex E- electric filed in n
theLayer= Layer electric fields will transverse
int Translate( mEplus, mEneg, nEplus, nEneg, theLayer)
Complex "mEplus, "mEneg;
Complex "nEplus, "nEneg;
int theLayer;
{
114
extern
extern
double
double
Ncoef = (2.0
Kcoef = (2.0
double WL;
LParmType Lparm[];
Ncoef;
Kcoef;
PI * Lparm[theLayer].d
PI * LparmftheLayerj.d
/* Wavelength [m] 7
/* Layer parameters( N', N", d) 7
/* Index portion of phase thickness 7
/* Extinction portion of phase thickness*/
Lparm[theLayer].n) / WL;
Lparm[theLayer].k) / WL;
nEplus->r = exp(Kcoef)*(mEplus->r*cos(Ncoef) - mEplus->i*sin(Ncoef));
nEplus->i = exp(Kcoef)*(mEplus->r"sin(Ncoef) + mEplus->i*cos(Ncoef));
nEneg->r = exp(-Kcoef)*(mEneg->r*cos(Ncoef) + mEneg->i*sin(Ncoef));
nEneg->i = exp(-Kcoef)*(mEneg->i*cos(Ncoef) - mEneg->r*sin(Ncoef));
/* Complete translation by updating old fields 7
mEplus->r = nEplus->r;
mEplus->i = nEplus->i;
mEneg->r = nEneg->r;
mEneg->i = nEneg->i;
return;
* * * *
Purpose:
'***********************.
InitEFields
This function initializes the electric fields in the
bottom most layer(silicon)
********
r
Passed Variables: mEplus = Ptr to complex E+ electric field in m
mEneg = Ptr to complex E- electric field in m
nEplus = Ptr to complex E+ electric field in n
nEneg = Ptr to complex E- electric filed in n
int lnitEFields( mEplus, mEneg, nEplus, nEneg)
Complex
Complex
{
mEplus->r = 1.0;
mEplus->i = 0.0;
mEneg->r = 0.0;
mEneg->i = 0.0;
nEplus->r = 0.0;
nEplus->i = 0.0;
nEneg->r = 0.0;
nEneg->i = 0.0;
return;
*mEplus, "mEneg;
"nEplus, "nEneg;
/* Set +Z real field to one 7
/* Set imaginary +Z field to zero 7
/* Assume no reflected waves in 7
/* bottom layer. 7
/* Set n E fields to zero. 7
LoadMediaOpticalData
Purpose: This function will read the list of available materials
from the file 'LAMediaUsf. It will then open and load
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/*
each data file from 'LAdata'. * /
/*
*/
' * * * **** /
int LoadMediaOpticalData()
{
extern char filename",;
int mlndex;
int rlndex;
char *rp;
char readString[80];
FILE *fp, *fopen();
sprintf(filename."LAMediaList\0");
if ((fp = fopen(filename,"r")) == NULL) /* Open 'LAMediaUsf 7
{
printf("\7\n Error: Unable to open 'LAMediaUsfAn\n");
exit(-1);
/* Can't recover 7
}
fgets(readString,80,fp); /* First rec is header, so skip it 7
numMedia = -1;
while (1) /* Read in all media filenames from 'LAMediaUsf 7
{
if ((rp = fgets(readString,80,fp)) == NULL)
break;
numMedia++;
sscanf(readString,"%s",mediaFilename[numMedia]);
/*
media filename 7
sscanf(readString,"%*s %30c",mediaName[numMedia]);
/* Get name 7
fclose(fp);
/* Close 'LAMediaUsf 7
/* Read in optical data for each media type 7
for (mlndex = 0; mlndex <= numMedia; mlndex++)
{
/* Create media filename 7
sprintf(filename,"LAdata/%s\0",mediaFilename[mlndex]);
if ((fp = fopen(filename,"r")) == NULL)
I* Open filename 7
{
printff\7\n ");
printffError: Unable to open file %s'.\n\n",mediaFilename[mlndex]);
exit(-1);
/* Can't recover 7
fgets(readString,80,fp);
/* Read first record */
/* First record is header, so discard it 7
rlndex = 0;
/* Tnis is tne # f media data points. 7
wnj|e (i)
/* Read in all data records for this media 7
if ((rp = fgets(readString,80,fp)) == NULL)
break;
rlndex++;
sscanf(readString,"%lf %lf %lf",&(media.mlndex][rlndex].WL),
&(media[mlndex][rlndex].n),
&(media[mlndex][rlndex].k));
media[mlndex][0].WL = rlndex;
/* Store # of media data pts in [0].WL 7
116
fclose(fp);
}
return;
/* Close filename 7
LowerCase
Passed variables: buf - Pointer to string to be searched.
/* Purpose: Convert the string pointed to by buf to lower case characters.
int LowerCase(buf)
char *buf;
{
int clndex;
for (clndex=0; clndex<=strlen(buf); clndex++)
buffclndex] = tolower(buf[clndexj);
return;
LookFor
Purpose: This routine looks for a string(name) in another string
(buf). name must be separated by a space or comma.
Passed variables: buf = Pointer to string to be searched.
name = String to be searched for.
Boolean LookFor(buf.name)
char *buf,*name;
{
int i;
int pos = 0;
int found = 0;
if (strlen(name) > strlen(buf))
return (false);
while ((buf[pos] 1= NULL) && (found != 1))
{
if (buf[pos] == namefO])
for (i=0;i<=strlen(name)-1 ;i++)
if (buf[pos+i] == name[i])
found = 1 ;
else
{
found = 0;
break;
/* find match, if any 7
/*
try to match 1st char 7
/* break off the search 7
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}}
if (found 1= 1)
pos++;
}
if (found == 0)
return (false);
else., ...
. , ,
/*
see if match is isolated 7
if ((buf[pos+str!en(name)] != NULL) && (buf[pos+strlen(name)] != ' ') &&
(buf[pos+strlen(name)j l= ','))
return (false);
else
if ((pos != 0) && (buf[pos-1] != ' ') && (buf[pos-1] l= ','))
return (false);
else
return (true); /* return start of match 7
/* End of LARISP program listing 7
C.2 'LAMed iaList' File Contents
Filename Media Description Media Type Number
Silicon Single Crystaline Silicon 0
Air Air 1
PolySilicon Poly Crystaline Silicon 2
SiliconDioxide Silicon Dioxide 3
SiliconNitride Silicon Nitride 4
C.3 'Silicon' File Contents
Wavelength Index of Refraction Extinction Coefficient
356E-9 6.800 1.650E+0
375E-9 6.100 0.830E+0
387E-9 5.600 0.500E+0
400E-9 5.240 0.230E+0
413E-9 4.950 0.200E+0
427E-9 4.750 0.130E+0
443E-9 4.600 0.100E+0
459E-9 4.420 0.080E+0
477E-9 4.300 0.070E+0
496E-9 4.180 0.056E+0
516E-9 4.100 0.045E+0
539E-9 4.010 0.040E+0
563E-9 3.950 0.030E+0
590E-9 3.880 0.025E+0
620E-9 3.820 0.020E+0
652E-9 3.770 0.016E+0
688E-9 3.720 0.013E+0
729E-9 3.680 9.800E-3
774E-9 3.640 7.500E-3
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826E-9 3.600
885E-9 3.590
953E-9 3.570
1033E-9 3.550
1126E-9 3.530
1239E-9 3.520
5.400E-3
3.600E-3
0.000E-3
0.000E-3
O.OOOE-3
0.000E-3
C.4 'Air' File Contents
Wavelength Index of Refraction Extinction Coefficient
350E-9 1.0 0.0
C.5 'PolySi licon' File Contents
Wavelength Index of Refraction Extinction Coefficient
356E-9 6.800 1.650E+0
375E-9 6.100 0.830E+0
387E-9 5.600 0.500E+0
400E-9 5.240 0.230E+0
413E-9 4.950 0.200E+0
427E-9 4.750 0.130E+0
443E-9 4.600 0.100E+0
459E-9 4.420 0.080E+0
477E-9 4.300 0.070E+0
496E-9 4.180 0.056E+0
516E-9 4.100 0.045E+0
539E-9 4.010 0.040E+0
563E-9 3.950 0.030E+0
590E-9 3.880 0.025E+0
620E-9 3.820 0.020E+0
652E-9 3.770 0.016E+0
688E-9 3.720 0.013E+0
729E-9 3.680 9.800E-3
774E-9 3.640 7.500E-3
826E-9 3.600 5.400E-3
885E-9 3.590 3.600E-3
C.6 'SiliconDioxide' File Contents
Wavelength Index of Refraction Extinction Coefficient
350E-9 1.470 0.0
C.7 'SiliconNitride' File Contents
Wavelength Index of Refraction Extinction Coefficient
350E-9 1.98 0.0
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Appendix D Charge-to-Voltage Conversion Factor
Figure D.l is a schematic representation of the output circuitry used by
many solid state imaging sensors, including the one investigated in this study.
Its purpose is to convert a signal from the charge domain to the voltage
domain. Thus, the associated charge-to-voltage factor(dV/dNe) is a measure of
the circuit's charge-to-voltage conversion sensitivity. This value is typically
expressed in units of micovolts per electron(uV/e") .
Solid State Sensor Output Circuitry
Vrd Vcc Vcc
From
CCD
Q04
Q03
Output
"7 Video
The charge domain signal typically originates from the photogenerated
electrons captured in a particular photodiode. The photogeneration process is
allowed to continue for a known period of time, after which the charge is
transferred to an adjacent Charge Coupled Device(CCD). The CCD is then
clocked such that the charge in each CCD cell is transferred towards the output
circuit located at the end of the CCD. When a charge packet reaches the output
circuitry it is transferred onto a floating diffusion node(diode in figure D.l).
The increase in charge(AQ) on the floating diffusion is sensed at the first
stage transistor gate(Q02) as a change in voltage AV = AQ/CDjffusion- Tnis
change in gate voltage results in a corresponding change in voltage at the
output of transistor Q04, the magnitude of which is determined by the
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design/fabrication parameters of transistors Q01, Q02, and Q04. Before the next
charge packet is transferred from the CCD, the floating diffusion node is reset
to the Vrd potential by application of the Reset signal. With Vrd set at some
positive potential, all electronic charge on the floating diffusion is swept
towards the Vrd pin resulting in a net current flow(Ird).
To calculate dV/dNe, accurate methods of measuring both the charge
reaching the floating diffusion node and the change in output voltage are
required. The change in output voltage can be measured directly by using an
oscilloscope; however, the charge on the floating diffusion node can not be
measured directly. Hence, an indirect measurement method is required.
An approach frequently used to find the charge reaching the floating
diffusion is to establish a relationship between the reset drain current(Ird)
and the charge transferred onto the floating diffusion(AQ = qANe). This is
performed by injecting a sequence on full charge packets and empty packets,
of known period and duty cycle, onto the floating diffusion and recording the
resultant average reset drain current(Ir(j). By placing certain restrictions on
the injected charge packet sequence, a direct relationship between the charge
packet size(ANe = AQ/q) and the average reset drain current can be
established.
Figure D.2 depicts a hypothetical sequence of charge packets that will
be dumped onto the output circuit floating diffusion. The timing associated
with the readout of this charge sequence will be defined as follows: Tp is the
sequence period(Ql to Qm), Tccd is the CCD clocking period(detection time for
one charge packet), and Td is the sequence on durational to Qp). The average
Figure D.2
a
o
ff
cd
u
Charge Packet Sequence Seen
at Floating Diffusion
Qm Ql
i
Ql Q2 Q3 Q4 Qp
Pixel
reset drain current associated with such a charge packet
sequence is
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min = ^-q
P n = l
If each charge packet is made equal(i.e. Qn = Qj ), then
m p
Ird = Y
' X Qinj = ^ * X Qinj =
Multiplying equation D.2 by
Qinj P
n-l P n-l lV
(D.l)
and noticing that
( T*ccd
VTccd
Trrrf P
(D.2)
(D.3)
Duty Cycle (DC) ^ -^ and fccd = _L-
P Tccd
, (D.4)
allows the average reset drain current to be expressed as
-rd
= Qinj ' fccd * C ^ ^^
and the number of electrons per charge packet to be expressed as
m = Q"i - ^
e
q q ^ dc (D.6)
If fCC(j and DC remain constant, a change in reset drain current(Alrd) will
signify a change in the number of electrons per packet(ANe), or
j^. ..rd
q q- feed -dc (D7)
However, a change in Ne produces a change in Vout, thus the charge-to-
voltage factor can be written as
AV0Ut AV0Ut
-7ZT
= ~7T~ ' q ' fccd ' DC
ANe Alrd , (D.8)
dV0Ut dVput . nr
dNc dIrd . (D.9)
or in calculus form as
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Equation D.9 implies that by knowing the slope of the sensor output voltage vs
reset drain current, the CCD clocking frequency, and the sensor readout line
duty cycle, one can calculate the sensor's charge-to-voltage factor.
Note that the charge sequence depicted in figure D.2 is not what appears
at the sensor's Vrd pin. Due to the switching action of transistor Q01, a
sequence more like that shown in figure D.3 is to be expected. With transistor
Q01 purposely designed for high switching speeds, the entire pixel charge
packet is typically cleared off the floating diffusion in less than 7 ns. To get
Figure D.3 Charge Transfer Through Reset Drain
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Tccd
an accurate average current reading, the external ammeter would have to be
capable to measure these very short current spikes. The task of measuring the
average current can be made more accurate by using a low pass filter circuit,
similar to that shown in figure D.4, inserted between the reset drain pin and
ammeter. The time constant(TRc) associated with the resistor and capacitor
Figure D.4 Reset Drain Current Measurement Circuit
Vrd
Pin >-
should be chosen such that
nw
1
+Vrd Voltage
\rj pi
Keithley 485
P coAmmeter
Tccd TRC (Tp " Td) (D.10)
123
This condition provides sufficient low frequency filtering of the individual
charge packets, and yet does not comprimise the accuracy of the charge
packet sequence duty cycle(DC).
It's also important to note that many solid state imaging devices,
including the one used in this study, have multiple photodiode arrays and only
one Vrd pin. Under such conditions, the measured average reset drain current
should be divided by the number of channels per device. Finally, a correcting
gain factor may have to be added to equation D.9 if there exists any external
circuitry between the sensor output pin and the point where the output
voltage measurements are taken.
Including both of the above correction factors into equation D.9 yields
the most general form of the expression used to calculate dV/dNe:
dvout dVout q ' fccd ' DC (Number of channels)
dNe dlrd (Preamplifier Gain) (D.ll)
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